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CHAPTER 01
General Introduction
012
With an estimated number of 35,000 different species, fish represent the most diverse 
vertebrates. Since their emergence 450 million years ago, fish have been successful in 
inhabiting nearly every ecological niche imaginable. Key to their evolutionary success must 
have been their ability to continuously adapt to changes in their environment. Next to being 
the most assorted group of vertebrates, they are also the earliest. Mammals and fish share 
many fundamental biological processes that find their origin in a common ancestor. This 
places fish in a unique evolutionary position to study the basics of mechanisms underlying 
these processes. The ability of fish to cope with a wide range of challenges as well as their 
evolutionary key position have made fish ideal for both aquaculture practices and scientific 
studies.
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Aquaculture and the African catfish
In The Netherlands aquaculture is practiced using recirculating aquaculture systems (RAS). 
In contrast to flow-through systems, where there is a continuous inflow and outflow of 
water, RAS systems allow optimal control over water conditions and are less depending 
on natural resources as much of the water is cleared from waste products at the facility 
by biological filters and reused. A downside of RAS systems is their labour-intensive and 
technically demanding nature. In addition, the accumulation of nitrogenous waste products, 
such as ammonia, nitrate and nitrite, may impose allostatic load on the fish and lead to 
reduced welfare [223,286]. An important species cultured in RAS systems in The Netherlands 
is the African catfish (Clarias gariepinus). The African catfish is an omnivorous species that 
is mostly active during the night (nocturnal species). The species has several advantages for 
aquaculture practices such as rapid growth, tolerance to poor water conditions and resistance 
to disease. However, the species also has a disadvantage: its potential for aggressive and even 
cannibalistic behaviour within an aquaculture setting. Acts of aggression are characterised by 
bite marks and skin lesions [34,119,141,346] that increase disease susceptibility and mortality 
and may reduce the welfare of the fish. Although there is no consensus among farmers, 
it is common practice to farm African catfish under high densities, in barren tanks with 
murky water conditions and with an artificial photoperiod (i.e. continuous low-light; no clear 
day-night cycle). These conditions are aimed to optimise growth and to reduce aggressive 
behaviour [7,236]. 
 During the past two decades contradictory results have been reported on the effects 
of high stocking densities and artificial photoperiods on growth performance. Some studies 
reported higher growth rates under lower stocking densities [111,114,119,142], while others 
observed no correlation [141,346] or an even improved growth rate under higher densities 
[7,112]. Similar effects on growth rate have been reported for housing African catfish under 
artificial photoperiods. While some studies report a better growth under conditions with 
minimal hours of light [6,236], others observed no effect of the number of light hours 
on growth [119]. Interestingly, no underlying mechanism has been put forward for these 
observations. Thus in terms of growth performance, currently employed housing conditions 
(i.e. higher stocking densities and an unnatural photoperiod) do not always provide the best 
growth. Still, higher stocking densities do reduce acts of aggression [346] and increase the 
survival rate of African catfish [141]. 
 Lower levels of aggression have been reported both at lengthening the dark period 
during the day-night cycle [7,141] as well as for lengthening the light period [6]. What appears to 
be key to these observations is that aggression was strongly related to the overall activity level 
of the fish and not to the length of the dark or light period per se. In addition to basal swimming 
activity, exposure to acute stressors is associated with spikes in aggressive behaviour [346]. 
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It is not uncommon for fish species to show aggression when presented with a stressor 
[59,328,388]. These acts of aggression may be related to hierarchy [265] or be redirected 
behaviour towards tank-mates to reduce stress [368,387]. 
Aquaculture and this thesis
This thesis is part of a multidisciplinary programme that focussed on balancing animal 
welfare, production and public concern for both aquaculture and agriculture practices (NWO 
programme: Value of animal welfare; Project number: 827.09.040). The project within this 
programme that led to this thesis and to that of my colleague Jeroen Boerrigter, focussed on 
balancing welfare and production in (cat-)fish aquaculture. The main goal was to investigate 
approaches that would lower aggression in African catfish aquaculture, so that both the 
farmer and the fish would benefit. We hypothesised that by improving environmental 
conditions the African catfish would be better able to cope with aquaculture-related 
stressors. By improving environmental factors, the coping capacity of individuals is likely to 
increase as it is determined by an individual’s genetic vulnerabilities and the experiences/
adversities of life [275]. Thus by increasing the coping capacity, it is possible that side effects 
of stress such as aggression would be reduced. This would not only improve the welfare of 
the African catfish, but likely also increase profit for the farmer due to a lower mortality 
and improved growth performance. In order to improve the coping capacity of the African 
catfish, knowledge thereof is needed. 
 Although the project was primarily focussed on African catfish, the work presented 
in this thesis is not only aimed towards this species as also zebrafish (Danio rerio) were used. 
For a detailed description of the biology and nature of the African catfish, I refer to the 
parallel thesis of Jeroen Boerrigter, which focuses more specifically on the African catfish. 
In his studies the recovery of African catfish following transport was compared to that of 
the European eel (Anguilla anguilla) and species-specific differences are discussed [27,197]. 
In addition, he studied differences in growth and recovery (measured by levels of plasma 
cortisol and the number of skin lesions) following acute stress of African catfish fed during 
the day-time or the night-time only [29] as well as the possible benefits from offering PVC-
tubes as environmental enrichment (in the way that it offers hiding or resting places) in the 
tanks of African catfish [29]. Furthermore, Boerrigter looked at recovery (measured by levels 
of plasma cortisol and number of skin lesions) from an acute stressor after a prolonged 
period of ammonia exposure (in combination with an accidental shorter period of exposure 
to copper) in African catfish (unpublished chapter; thesis Jeroen Boerrigter) and he studied 
the effects of Pro-Tex (a cactus extract that was shown to increase survival rate following 
severe stressors [329]) on the physiology and the expression of genes in zebrafish (Danio 
rerio) larvae exposed to heat stress, on common carp (Cyprinus carpio) exposed to netting 
stress and on yellow-tail king fish (Seriola lalandi) exposed to transport stress [28]. Finally, he 
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proposes a tool that provides an indication on the adaptive capacity of African catfish based 
on plasma cortisol values.
 The research presented in this thesis was performed with a proof of principle 
approach in mind, i.e. with a focus on fundamental aspects of coping capacities and biological 
aspects of welfare rather than on practical aspects of aquaculture.
Aquaculture and welfare
The world’s aquaculture sector has been growing rapidly over the last few decades and is 
expected to do so at least till 2025 [68]. This increase is driven by the growing demand for 
proteins for human consumption due to the increase in the planet’s population. As the sector 
grows and becomes more visible to the public, the general attitude towards production has 
changed over the years to more sustainable systems [23,173]. Sustainability entails that the 
production process is human and environmental friendly and prevents long-term exhaustion 
of natural resources. Another important aspect of sustainability is animal welfare [24,247]. 
Although animal welfare can be defined in different ways [37,107,161,246,319], key to all 
definitions is that poor welfare is associated with overtaxing the coping capacity of animals, 
i.e. allostatic overload [217] which may result in chronic stress-related physiology and 
behaviour, pathology and increased mortality. 
 The concept of allostasis entails achieving stability through change. This means 
that biological “set-points” change when the environment or life history stage changes 
[217]. In this concept, welfare relates in a hyperbolic fashion to stress load, where both hypo 
stimulation (very low stress load) and hyper stimulation (very high stress load) lead to poor 
welfare [161] (for details see Figure 1). During aquaculture practices fish are potentially 
exposed to a multitude of challenges, such as poor water quality [286], inappropriate 
stocking densities [141,346], sorting, handling and transport [27,33,132,242,243]. When fish 
are unable to properly cope with the accumulation of these challenges they can suffer 
allostatic overload and poor welfare [161,215,246]. 
 An individual’s ability to cope with challenges relates to its biological functioning 
within a certain environment. Next to its physical condition, the extent to which an organism 
can display adaptive behavior in response to a challenge within that environment is a 
measure for its biological functioning and is indicative for biological aspects of its welfare 
[246]. It follows that gaining insight into the coping capacity of an individual (e.g. its capacity 
to cope with allostatic load) may thus be indicative for the welfare status of that individual. 
We hypothesised that providing housing conditions that better match the natural habitat of 
the African catfish, such as a natural day-night cycle, a natural feeding-regime (timing and 
feed type) and environmental enrichment would potentially increase the coping capacity. 
By combining the measurement of parameters such as gene expression, physiology and 
behavioural response to challenges, we can get an indication of an individual’s coping 
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capacity, and thereby of its (biological) welfare status. Due to a gap in knowledge on stress-
related genes and adaptive behavioural traits in African catfish, we were limited in our read-
out parameters (i.e. aggression and plasma levels of hormones). Therefore, to increase our 
number of read-out parameters we decided to also use the zebrafish as a research model 
[61,276]. 
The zebrafish as model animal
The zebrafish is a small, shoaling cyprinid, native to the flood plains of India. It is a diurnal 
species and inhabits shallow, slow-flowing waters [317]. In 1981 the first publication using 
zebrafish as model animal was published in Nature [327], when Streisinger and colleagues 
recognised the vast potential of this organism for developmental biology and genetics 
research. The use of zebrafish has many practical advantages over the use of rodents, such as 
low (maintenance) cost, easier handling, short reproduction cycle and high fecundity. Since 
its first appearance more than three decades ago this teleost has increasingly been used as 
a model in neurobehavioural [92,224], neurobiological [42] and genetic research [179]. The 
number of published papers using zebrafish as animal model is increasing exponentially and 
is becoming more numerous than the number of published papers using rodents [323]. And 
while the zebrafish is still widely used to answer fundamental questions of developmental 
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FIGURE 1 | The concept of allostasis. Welfare can be defined as the subjective (emotional) state of an individual 
and is determined by the environmental challenges it experiences. The old homeostasis concept implies that without 
environmental challenges (hypostimulation), good welfare can be guaranteed and that under increasing environmental 
challenges (hyperstimulation) bad welfare is reached. In contrast, the new allostasis concept implies that both very little 
and very high amounts of environmental challenges result in bad welfare. Figure adapted from Korte and colleagues [161].
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biology, current research is also directed towards using zebrafish as model to improve human 
health [324] as well as provide insight into the performance of other fish species [61,276]. The 
zebrafish genome has been fully sequenced and has revealed that zebrafish and humans 
share 12,897 orthologous genes [120]. Together with the full description of its transcriptome 
[208] and proteome [186], this is what makes the zebrafish a model of choice for many 
research questions. 
The zebrafish and this thesis research
In this thesis the zebrafish was used as a model to provide insight into the changes that occur 
to the coping capacity of fish following different housing conditions. To get an indication of 
the coping capacity we combined information on genetics (telencephalic gene expression), 
cortisol levels (whole-body) and behaviour (learning task). Our behavioural parameter 
consisted of an inhibitory avoidance paradigm, which measures the latency of an individual to 
enter a conditionally aversive environment [212]. Recently an inhibitory avoidance response 
was observed in a single-trial paradigm in which zebrafish learned to avoid swimming from 
a white to a black compartment to avoid a 3V electric shock [26,241,263]. What makes this 
paradigm interesting for the work presented in this thesis, is the observation that increased 
allostatic load via an unpredictable chronic stress (UCS) protocol reduced inhibitory 
avoidance learning in zebrafish [263]. This suggested that the inhibitory avoidance protocol 
might be a useful tool to broaden insight into the coping capacity of fish
 In addition to using the inhibitory avoidance paradigm as a behavioural read out for 
the coping capacity, our data will also offer fundamental insight into mechanism involved in 
inhibitory avoidance learning and how this may be modulated by different rearing conditions. 
Although inhibitory avoidance has been studied in zebrafish [26,241,263], compared to 
rodents knowledge thereof is still limited. Our data will therefore add to the field of 
zebrafish research that focuses on anxiety and fear related learning and memory [145,323]. 
In zebrafish this paradigm is based on a conflict between the innate response to enter a 
dark (black) environment to avoid a brightly lit (white) environment (anxiety [49,321]) and 
avoiding receiving a shock in that same (preferred) dark environment, i.e. contextual (shock-
environment) fear-learning. To further characterise the paradigm, we studied the effects 
of different shock intensities, additional training days and used different zebrafish strains. 
Finally, we repeated and extended the UCS experiment performed by Piato and colleagues 
[263]. Our read-out parameters included the expression levels of a selection of genes 
related to stress, anxiety, fear and learning in the telencephalon, which harbours relevant 
stress-, anxiety-, fear-, and learning-related areas. The chapters in this thesis thus not only 
provide insights that could be useful for aquaculture (i.e. indication of coping capacities and 
welfare status [61,276]), but the data will also serve to advance the zebrafish as a model for 
neurobehavioural sciences. 
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Aim and outline of this thesis
The increase in aquaculture practices worldwide is associated with a growing concern about 
the welfare of fish in aquaculture systems. Aquaculture often entails unnatural housing 
conditions such as artificial and unnatural light cycles, high densities, barren environments 
and simple feeding regimes. These conditions may overtax the coping capacity of fish, i.e. 
lead to so-called allostatic overload. The aim of the research described in this thesis was 
therefore to study the effects of aquaculture-related stress factors on the allostatic load of 
fish. Thus, we studied the effects of transport, housing under continuous light or dark and 
different housing conditions (i.e. enrichment) on the behaviour and physiology of African 
catfish and zebrafish. The aim of the research described in this thesis was to enhance our 
knowledge on welfare of African catfish in Dutch aquaculture systems to optimise the 
balance between animal welfare and production. However, we also used zebrafish (Danio 
rerio), as model species to study more fundamental aspects of welfare. Thus the data may be 
of relevance to more species in aquaculture systems: they also advance the zebrafish (Danio 
rerio) as a model species for aquaculture related research. In addition, the data may serve as 
basis for future research in the field of neurobehavioural sciences.
 In Chapter 2 we assessed the stress response of African catfish, following a 
commercial transport. Marketable fish from a commercial farm were farmed under regular 
aquaculture conditions (e.g. 24 hours low light) and subjected to a simulated commercially 
used transport to assess the effects of transport on the number of skin lesions and physiology 
(plasma cortisol levels and parameters related to metabolism). In Chapter 3 we studied 
the effects of an acute stressor (forced air exposure and crowding by gathering fish in a dry 
mortar tub) during the light/resting phase and during the dark/active phase to assess the 
relationship between day-night conditions and the effects of aquaculture-related stressors. 
 For a more extensive and detailed understanding of the influence of rearing 
conditions on the ability of fish to cope with challenges, we used zebrafish as model 
species as there is an extensive body of knowledge on zebrafish physiology, genes, brain and 
behaviour. Thus, while we were limited to plasma parameters and skin lesions for African 
catfish, we were able to study (complex) behavioural traits as well as explore differences in 
the expression of genes in the telencephalon of zebrafish. As challenge, we exposed zebrafish 
to an inhibitory (fear) avoidance paradigm, which is a simple task in which fish learn to 
avoid a dark area within the experimental tank to avoid receiving an electric shock. For our 
experiments we used an in-house bred strain of Tupfel Long-Fin (TL) zebrafish: a widely used 
zebrafish strain. We first determined (Chapter 4 and Chapter 5) the effects of the procedure 
(0V), different intesities of the shock (1, 3, 9V) and number of shocks (1 or 2) on behaviour, 
whole-body cortisol levels and the expression of stress-, anxiety- and fear-related genes. 
Different strains of zebrafish are used worldwide and observed effects may be strain-specific. 
To further validate the chosen paradigm, we assessed avoidance learning also in another 
widely used  zebrafish strain: the Line A x Line B (AB) strain (Chapter 6). 
 Following the studies on the inhibitory avoidance paradigm and differences 
between test subjects, we manipulated environmental factors in order to increase allostatic 
load by long-term stress and changes in photoperiod (Chapters 7 and 8) and to enhance 
the resilience of the fish by using environmental enrichment (Chapter 9) and activating the 
reward system (Chapter 10). In addition we included as factor in some of the experiments 
(Chapter 9). 
 This thesis concludes with a General Discussion, where the results of the various 
studies described in the chapters of this thesis will be discussed in the context of the main 
aim of this thesis and put into a wider perspective as to their relevance for fish welfare in 
aquaculture and for human food production. 
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Abstract
Of the many stressors in aquaculture, transportation of fish has remained poorly studied. 
The objective of this study was therefore to assess the effects of a (simulated) commercial 
transportation on stress physiology of marketable African catfish (Clarias gariepinus). 
African catfish weighing approximately 1.25 kg were returned to the farm after three hours 
of truck-transportation and stress-related parameters were measured for up to 72 hours 
following return. Recovery from transportation was assessed through blood samples 
measuring plasma cortisol, glucose and non-esterified fatty acids (NEFA), and gill histology. 
Also, the number of skin lesions was compared before and after transport. Pre-transport 
handling and sorting elevated plasma cortisol levels compared to unhandled animals (before 
fasting). Plasma cortisol levels were further increased due to transportation. In control fish, 
plasma cortisol levels returned to baseline values within 6 hours, whereas it took 48 hours 
to reach baseline values in transported African catfish. Plasma glucose and NEFA levels 
remained stable and were similar across all groups. Transported African catfish did not, 
on average, have more skin lesions than the control group, but the number of skin lesions 
had increased compared to unhandled animals. The macroscopic condition of the gills was 
similar in control, transported and unhandled African catfish; however, light microscopy and 
immunohistochemistry revealed a-typical morphology and chloride cell migration normally 
associated with adverse water conditions. From our data we conclude that transportation 
may be considered a strong stressor to African catfish that may add to other stressors and 
thus inflict upon the welfare of the fish.
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1.  http://www.fao.org/fishery/culturedspecies/Clarias_gariepinus/en
Introduction
The world’s human population is increasing daily and so is the demand for food. A growing 
source of protein is fish. The amount of fish caught in the wild has become stable over the 
past years; the farming of aquatic animals has been growing rapidly and is expected to 
continue to grow at least till 2025 [68]. The rapid growth of aquaculture activities causes 
public concern about the sustainability of the aquaculture sector. 
 An important aspect of sustainability is animal welfare. Although animal welfare 
has been defined in different ways [37,107,161,246,319], key to all definitions is that poor 
welfare is associated with overtaxing the coping capacity of animals (allostatic overload 
[217]) which may result in chronic stress related physiology and behaviour, pathology and 
increased mortality. Successive or cumulative exposure to stressors, may compromise the 
coping capacity of an animal and lead to allostatic overload and poor welfare [161,246]. It is 
therefore important to identify the effects of stressors in aquaculture conditions. Globally 
the production of African catfish is increasing rapidly, with an estimated global production1 
of 194.000 tonnes in 2011. Here we studied the effects of (a simulated) transportation of 
an important species for Dutch aquaculture, namely the African catfish (Clarias gariepinus), 
from farm to slaughterhouse, as (in general) transport is still poorly understood in terms of 
stress [62].
 During transport fish are exposed to a multitude of stressors such as density changes, 
handling stress, water movement, noise, vibrations and poor water conditions. Exposure to 
such stressors simultaneously or in rapid succession may induce severe physiological stress 
[156,217]. For land animals it has been clearly shown that transportation under inappropriate 
conditions causes severe stress and leads to poor welfare [36,361]. The limited number of 
studies in fish species indicates that transport increases plasma cortisol levels in Atlantic 
salmon [132], rainbow trout [50] and stingray [33,242]. While in these studies growth rate 
and mortality were not affected following transport, it was not clear how levels of cortisol 
changed following transport. To add to this (limited) body of knowledge on stress in fish 
following transport, we simulated an overland transportation of the African catfish and 
studied stress physiology and recovery. 
 Marketable African catfish were transported for three hours in a commercial set-
ting and returned to the farm (instead of ending at the slaughterhouse). Upon return the 
following stress-related parameters were measured: plasma levels of cortisol, glucose [206] 
and non-esterified fatty acids (NEFA) [289] as well as gill morphology [288] and number 
of skin lesions [59,328,388]. One group was sampled directly upon return (T0), while four 
other groups were sampled at 6, 24, 48 and 72 hours following transport. Controls were held 
under identical holding conditions, but they were not transported and remained at the farm.
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Material and methods
Ethical approval
All experiments were approved by the Animal Ethics Committee of Wageningen UR 
and were conducted in agreement with Dutch laws (Wet op de Dierproeven, 1996) and 
European regulations (Directive 86/609/EEC).
Weather conditions
The experiment was carried out in the Netherlands during spring (June 2010). Weather 
conditions at the day of transportation and during the week of sampling were approximately 
as follows: no rainfall, ambient temperature: 14°C, clouded (5 octas) and an average wind 
speed of 3 m/s.
Experimental details
Of the 1500 African catfish (Clarias gariepinus; mixed sexes; 1-1.5 kg) used in this study, 150 
were sacrificed for analysis; the remaining fish were sold for slaughter. Figure 1 shows a 
schematic overview of the experiment and experimental groups. 
 The husbandry conditions at the farm for fish weighing 1-1.5 kg were: stocking 
density up to 250 kg/m3, water temperature of 27 °C, and a 0:24-hour light-dark cycle 
(continuous twilight); food was provided at 07.00h, 15.00h and 23.00h.
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 FIG URE 1 | Experimental  set-up. (A) Fish were sampled during standard housing one week prior to the 
experiment to assess unhandled/baseline plasma values, skin lesions and gill morphology. (B) Directly after 
splitting into transportation tanks, fish were sampled to assess stress physiology as a result of handling and 
fasting. (C) After three hours of transportation and return to the farm (transported fish), or stay at the farm 
(control fish), fish were sampled at 0, 6, 24, 48 and 72 hours of recovery.  
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FIGURE 1 | Experimental set-up. (A) Fish were sampled during standard housing one week prior to the
experiment to assess unhandled/b line plasma values, skin lesions and gill morphology. (B) Directly 
after splitting into transportation tanks, fish were sampled to assess stress physiology as a result of 
handling and fasting. (C) After three hours f transportation and return to the farm (transported 
fish), or stay at the farm (control fish), fish were sampled at 0, 6, 24, 48 and 72 hours of recovery.
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The farmer who participated in this study focuses on the on-growing phase, which ranges 
from 10-1500 grams. The fish are reared in large concrete tanks, which are part of a 
recirculating aquaculture system (RAS). Depending on their life-stage, fish are kept in 4,000- 
or 12,000-litre tanks. African catfish is an air-breathing fish and, therefore, the farmer does 
not monitor the oxygen levels in the tanks. 
 At the farm the marketable African catfish are fasted prior to transportation to the 
slaughterhouse. Food is being withheld for 24 hours in the RAS; subsequently, animals are 
transferred to flow-through tanks (21-23 °C, pH 6.9, a 0:24-hr light-dark cycle) where the fish 
are fasted for 48 hours to remove undesirable off-flavours. After this 72-hour fasting period 
the farmer considers the fish to be ready for transport. 
 At the day of transport, the fish experienced a drop of approximately 40 cm when 
transferred from the, by now, drained flow-through tank to an empty container to weigh the 
fish before transport (subgroup or tank); the control group that remained at the farm was 
handled the same way. 
 Subsequently, each subgroup (125 kg fish) experienced a drop of approximately one 
meter during transfer to a partially filled (125 l) 600-litre plastic tank (120 x 100 x 79 cm, grey 
pallet box; Hulkenberg, ’s Heerenberg, the Netherlands). These tanks were similar in size 
and volume as the transportation-tanks normally used by the slaughterhouse. In all groups 
(controls and transported) the density increased from 250 kg/m3 (husbandry and fasting) 
to 500 kg/m3 (transportation tanks). A stocking density of 500 kg/m3 is common practice 
during transportation of African catfish to a slaughterhouse in the Netherlands. Tanks were 
covered with a plastic export pellet (120 x 100 cm - nestable; Hulkenberg, ’s Heerenberg, The 
Netherlands) to avoid escape and loaded onto the truck via a forklift. During transportation 
tanks were not provided with aeration or temperature control. However, the truck was well 
insulated leading to limited loss of temperature (as shown in table 1; directly after transport 
at T0). 
 Upon return, the truck was unloaded and each tank was supplied with fresh 
ground water (flow rate; 10l/h) to lower density from 500 to 250 kg/m3 as practiced and 
recommended by the farmer. For water outflow each tank was equipped with an outlet; 
water was not recirculated, as this is practice for non-fed fish in flow-through tanks at the 
farm. Control tanks were hooked up to the flow-through system after a 3-hour wait. 
 Due to the limitations in space at the farm, only three groups (500 fish per group) 
could be included in the experiment. The authors have chosen for one control group and two 
transported groups.
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Water quality
Samples to assess water quality were collected moments before fish were randomly 
taken from their holding tanks for sampling. Water quality was assessed on the basis of 
concentrations of total ammonia nitrogen (TAN, expressed as NH3-N mg/l), nitrite (in NO2
--N 
mg/l) and nitrate (in NO3
--N mg/l). These parameters were analysed spectrophotometrically 
(Hach Lange Spectrophotometer DR 5000 UV/VIS; Hach Lange GmbH, Berlin, Germany), 
using protocols of Hach Lange. In addition, levels of dissolved oxygen (mg/l), pH and tank 
water temperature were analysed with a Hach Lange HQ40d multi-analyser (Hach Lange 
GmbH, Berlin, Germany).
Euthanasia and sample collection
At the time of sampling, ten fish were removed at random from the tanks by netting and 
placed within a water-filled tub containing 0.1% (v/v) 2-phenoxyethanol (Sigma, St. Louis, 
MO, USA). Once deeply anaesthetised (always within one minute), one ml blood was drawn 
with heparinised syringes and collected in reaction vials (Eppendorf, 1.5 ml) and immediately 
put on melting ice. Subsequently reaction vials were centrifuged (14000 rpm, 4°C, 10 minutes) 
and blood plasma was separated from blood cells and stored at -20°C until analysis.
 Gill tissue was excised and put into 50 ml Greiner tubes containing BOUIN’s fixative 
(filtrated saturated picric acid, saturated formaldehyde (37%), glacial acetic acid (15:5:1 ratio)) 
and stored at room temperature over-night. The following day the fixative was replaced with 
50% ethanol, which was refreshed once within 24 hours. After blood and gill tissue had been 
collected, the fish were killed by transection of the spinal cord just behind the skull.
Gill morphology and immunohistochemistry 
Immunohistochemistry was done according to the methods of Metz and colleagues [222]. In 
brief, fixed tissue was dehydrated in serial ethanol concentrations and embedded in paraffin. 
Seven µm sections were mounted on gelatinised glass slides and dried. After paraffin 
removal slides were placed in 2% (v/v) H2O2 to neutralise endogenous peroxidase activity 
for use in immunohistochemistry. Subsequently, non-specific binding sites were blocked 
with 2% (v/v) normal donkey serum and the slides incubated overnight with monoclonal 
antibody against chicken Na+/K+-ATPase (IgGα5, Developmental Studies Hybridoma Bank, 
Department of Biological Sciences, University of Iowa, USA) at a final dilution of 1:300 (v/v). 
Goat anti-mouse (Nordic Immunology, Tilburg, The Netherlands) was used as secondary 
antibody at 1:200 (v/v) dilution. Slides were subsequently incubated with the Vectastain ABC 
Kit (Vector Laboratories Inc., Burlingame CA, USA). Staining was performed in 0.025% (w/v) 
3,3’-diaminobenzidine (DAB) and 0.0005% (v/v) H2O2. 
 The number of chloride cells was determined by averaging the number of cells 
counted (by two researchers (RM, JB)) on 20 lamellae of a single filament. A total of 6 filaments 
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were analysed for each fish and ten individuals per group were used. For morphological 
comparison we used previously published data from laboratory housed African catfish [302]. 
Here, increasing levels of ammonia in the water caused deterioration of gill epithelia. 
Skin lesions
At each of the sampling moments fish were checked for skin lesions. The number of skin 
lesions (including lesions on fins and barbless) was derived from two separate counts per 
fish performed by two researchers (RM, JB). Both new/recent (bloody) and old (scar tissue) 
lesions were included.
Plasma analysis
Cortisol was measured as previously described by Gorissen and colleagues [97]. Briefly, 96-
well microtiter plates were coated with mouse cortisol-antibodies in coating buffer. Plates 
were cleared of coating buffer and washed with a wash buffer before blocking possible 
non-specific binding sites with blocking buffer. Wells were cleared of blocking buffer and 
10 µl of standard or sample, together with 90 µl of tracer, was added to the wells. After the 
incubation period wells were cleared and washed before scintillation liquid was added and 
radioactivity measured with a β-counter (detection limit: 4ng/ml; inter-assay VC: 12.5% and 
intra-assay VC: 2.5%). Glucose and NEFA were measured using commercially available kits 
(Wako Chemicals USA Inc., Richmond VA, USA).
Statistics
Statistical analysis was performed using Kruskal-Wallis to test for significance over time. To 
test for significance between groups the Mann-Whitney U-test, unpaired t-test or unpaired 
t-test with Welch’s correction was used, depending on sample distribution. Significance was 
set at p ≤ 0.05 (two-tailed); all values are expressed as means plus standard deviation (+ sd), 
unless otherwise indicated.
Results
Water quality
Throughout the experiment water quality was monitored (Table 1). During three hours of 
transport, water conditions slightly deteriorated (compared to ground water), but remained 
within acceptable conditions [21,116,302,303]. TAN, NO2 and NO3 were increased in both 
control and transport tanks after three hours (T0). Although tanks were not provided with 
aeration of the water, oxygen levels increased during the first three hours from 2.0 mg/l 
(ground water) to 6.0 mg/l (T0). Once tanks had been provided with fresh ground water (T6 
to T72), values returned to those found in the fasting tanks. The only exception to this is TAN, 
which remained lower (16.05 mg/l versus 2.72-7.01 mg/l). 
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Gill morphology
Immunohistochemistry revealed that the position and number/density of chloride cells 
in the gills did not differ between transportation and control groups (Figure 2A-C; data 
not shown). However, when compared to gill tissue taken from African catfish exposed to 
different levels of ammonia under laboratory conditions [302], gill morphology of these 
farmed fish appeared deteriorated in all groups (i.e. the condition of the gill epithelia was 
reminiscent of that of fish exposed to higher levels of waterborne ammonia). Compared to 
control animals from the ammonia experiment, farmed fish showed both thickened inter-
lamellar and lamellar epithelium and a reduced inter-lamellar space. In addition, chloride 
cells were found to have migrated from the filament position towards the tips of the lamella.
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Figure 2 |  Histolo gy of gi ll  epithel ium. Gills are immunohistochemically stained for Na+/K+-ATPase rich cells 
(chloride cells) take from (A) unhandled catfish, (B) directly after transportation (T0) and (C) three days after transportation 
(T72). No difference in morphology nor the number or location of the chloride cells was observed between groups (including 
those not shown, i.e. at T6, T24 and T48 and control groups). However, gill morphology in all fish looked somewhat 
deteriorated: thickened lamellar & interlamellar epithelium and chloride cells positioned outside the interlamellar 
epithelium (migration towards the tips of lamellae). Legend: ile = interlamellar epithelium; le = lamellar epithelium; ils = 
interlamellar space; cc = chloride cells; gf = gill filament; gl = gill lamella. 400x magnification. 
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FIGURE 2 | Histology of gill epithelium. Gills are immunohistochemically stained for Na+/K+-ATPase rich cells 
(chloride cells) take from (A) unhandled catfish, (B) directly after transportation (T0) a d (C) th ee days after 
transportation (T72). No difference in morphology nor the number or location of the chloride cells was observed 
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Table 1 |  Water qual ity  o f water  u sed at  the farm and in  our ex periment. Ground water was used as fresh water in 
both the fasting tanks and experimental tanks. Values shown are single measurements, taken moments before fish were taken 
out for sampling. 
Temp (℃) O2  (mg/l) TAN (mg/l) NO2 (mg/l) NO3 (mg/l) pH
Ground 
Water 21.5 2.0 2.14 0.003 0.03 7.3
Fasting
tanks 22.0 4.0 16.05 0.021 0.7 6.9
Control Transport Control Transport Control Transport Control Transport Control Transport Control Transport
T0 21.5 20.0 6.0 6.0 13.10 11.76 0.05 0.22 5.0 3.1 7.6 7.2
T6 21.5 20.5 2.0 2.0 9.34 7.42 0.04 0.03 2.1 1.4 7.1 6.7
T24 21.5 21.5 3.0 3.0 9.93 8.87 0.02 0.02 1.0 0.8 7.4 7.4
T48 20.5 20.0 3.0 3.0 6.50 8.95 0.01 0.04 1.1 0.5 7.3 7.3
T72 21.0 20.0 3.0 3.0 7.01 2.72 0.04 0.06 1.6 0.7 7.3 7.3
TABLE 1 | Water quality of water used at the farm and in our experiment. Values 
shown are single measurements, taken moments before fish were taken out for sampling.
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Skin lesions
Transported fish did not have more skin lesions than those held under control conditions 
(Figure 3). When compared to conditions before transportation however, the number of skin 
lesions (transported and controls: on average 12 lesions/fish) was 1.5-fold higher than prior 
to fasting (unhandled fish: on average 8 lesions/fish). 
Stress parameters: cortisol
Before transportation plasma cortisol levels were low (unhandled; <10 ng/ml; Figure 4). 
When fish were prepared for transport (handled), plasma cortisol levels significantly rose 
above unhandled levels (35 ng/ml). During three hours of transport, plasma cortisol levels 
increased further to 50 ng/ml, while plasma cortisol levels in non-transported (controls) 
did not (30 ng/ml). Six hours later (T6), plasma cortisol levels in control fish had already 
returned to unhandled levels. In transported fish however, cortisol levels in plasma remained 
significantly higher till 48 hours after return to the farm. At that point values were also no 
longer significantly different from the control group and unhandled group. 
Stress parameters: glucose and NEFA
Plasma glucose (Figure 5A) did not change significantly between controls and transported 
animals. After 48 hours a significant drop in plasma glucose was observed in both the 
transported and control group compared to unhandled and handled animals. Similar results 
were obtained for plasma NEFA (Figure 5B). NEFA did not differ significantly between the 
transported and control group, but over time plasma NEFA levels rose above unhandled 
levels in both the transported and control group (from T24 onwards in transported fish, from 
T6 onwards in controls).
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Figure 3 |  Number of skin  lesions. Graph shows the mean (±SD) number 
of skin lesions per fish for unhandled, control and transported fish. Lesions 
refer to both freshly sustained injuries and older (scar tissue) lesions. 
Unhandled: n=10; control: n=50; transported: n=100. 
 
FIGURE 3 | Number of skin lesions. Graph shows the mean (
+ sd) number of skin lesions per fish for unhandled, control and transported 
fish. Lesions refer to both freshly sustained injuries and older (scar 
tissue) lesions. Unhandled: n=10; control: n=50; transported: n=100.
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FIGURE 4 | Plasma Cortisol. Graph shows the mean (+ sd) plasma cortisol levels for catfish under standard
conditions (unhandled; grey; dotted line), after fasting and handling (grey) and in control (white) and transported 
(black) groups during recovery. On-growing catfish have low levels of plasma cortisol (<10 ng/ml), which increase 
after sorting and readying for transportation (handling). After three hours of staying at the farm plasma levels 
remained high in control fish, whereas plasma cortisol in transported fish increased even further (T0). During the 72- 
hour recovery period, plasma levels return to baseline values at T6 (controls) and T48 (transported). Unhandled and 
control: n=10; Handled: n=30; transported: n=20. p ≤ 0.05 (*), p ≤ 0.01 (**) or p ≤ 0.001 (***) between transported 
and control at the same time point. Letters indicate significance over time within control (lowercase letters) or 
transported (capital letters) groups. Data-points with the same letter are not significantly different from each other.
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FIGURE 5  | Plasma glucose and NEFA. Graph shows the mean (+ sd) plasma levels for (A) glucose and (B) NEFA for
catfish under standard conditions (unhandled; grey; dotted line), after fasting and handling (grey) and in control 
(white) and transported (black) groups upon recovery Glucose and NEFA levels for on-growing catfish (basal) 
were 5.8 mmol/L and 0.25 mmol/L respectively. In both transported and control fish, plasma glucose remained 
stable, but dropped in both groups below unhandled conditions after 48 hours. In contrast, plasma NEFA levels 
rose above unhandled values after 24 hours of recovery (T24) in transported fish and 6 hours (T6) in control fish. 
Unhandled and control: n=10; Handled: n=30; transported: n=20. p ≤ 0.05 (*), p ≤ 0.01 (**) or p ≤ 0.001 (***).
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Discussion
This experiment provides novel insights on the stress status of African catfish after a 
(simulated) commercial overland transport; experiments monitoring recovery after 
transport are rare and have been, to the best of our knowledge, only been performed in a 
few other fish species, i.e. Atlantic salmon [132], Rainbow trout [50] and Stingray [33,242]. 
The data of our study show that (1) water quality remained within acceptable limits during a 
(simulated) commercial 3-hour transport; (2) gill morphology was not altered as a result of 
transport, although gill morphology was deteriorated in all sampled fish; (3) the number of 
skin lesions had increased in transported and control fish compared to values in unhandled 
fish; (4) plasma cortisol levels were increased due to on-farm fasting followed by handling 
preceding transportation, and more strongly so, and for a longer period of time, when fish 
were transported in addition; (5) plasma glucose and NEFA levels remained unaffected by 
handling and transport, but were slightly changed after 48 hours of recovery.
Transport and water quality
Even though transportation tanks were not accommodated with fresh water and fish density 
was high (500 kg/m3 at transportation and 250 kg/m3 at the farm), water only slightly 
deteriorated during the three hours of transport . Fasting prior to transportation likely 
prevented a poor water quality. This fasting period ensured that fish did not have food in 
their digestive tract, which was indeed confirmed upon autopsy at sampling. This prevented 
the fish from emptying their stomach when stressed, lowered their metabolism and, as a 
consequence, decreased the excretion of nitrogenous waste products by the fish to the water.
 Calculated values of unionized ammonia [78] did not exceed the criterion of 
0.34 mg NH3-N/l for this species [302]. For African catfish nitrite-nitrogen levels should 
not exceed 1.5 mg/l in absence of chloride [116]. Here, nitrite levels remained well below 
this value. Furthermore, although nitrate levels did increase 7-fold in both transportation 
and control tanks, they remained far below the recently proposed maximum of 140 mg/l 
nitrate-nitrogen [303]. Temperature of the water in the tanks remained around a constant 
20 degrees. Temperatures ranging between 18 and 28 °C occur in the natural habitat of this 
species [40]. For dissolved oxygen no criterion for the African catfish has been published. It 
is known that for rearing at farms the levels of dissolved oxygen in water may vary between 
0.5 to 3 mg/l [67]. Here, all measured values for oxygen were substantially higher than the 
lower reported value of 0.5 mg/l. However it has also been shown that an oxygen level of 3.2 
mg/l (60 mmHg) or higher is desired for African catfish held at 25 °C. Higher concentrations 
do not significantly increase oxygen uptake from the water, whereas lower levels rapidly 
decreased VO2 via the gills, which was compensated by increasing air-breathing frequency 
[21]. Summarizing: values for unionized ammonia, pH, nitrate, nitrite and temperature were 
within the range that is considered not to affect the welfare of African catfish.
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Transport and gill morphology
For fish it is known that, as a secondary response to stress, the morphology, incidence, 
frequency, density and the position of chloride-cells in the gill epithelium may change 
compared to stress-free conditions [109,288]. There was no difference in morphology, the 
number or the position of chloride-cells between unhandled, controls and transported 
African catfish. However, unexpectedly the overall gill morphology appeared somewhat 
deteriorated. When these gills were compared with gills from a previous experiment under 
laboratory conditions [302], they were reminiscent of those of fish exposed to elevated levels 
of unionized ammonia that exceeded the criterion of 0.34mg NH3-N/l. This suggests that 
the fish at the start of this experiment were reared under less than optimal water conditions 
preceding transportation. We did not measure TAN levels over 0.34 mg NH3-N/l that could 
explain the deteriorated gill morphology. It is, however, possible that a prolonged intensive 
rearing and feeding history may have demanded morphological changes at the level of the 
gills related to feeding-associated spikes in nitrogenous waste. Although gill morphology 
was found to be deteriorated, fish were considered fit for travel as no signs of poor health 
were observed prior or during the experiment. Future experiments should determine whether 
deterioration of gill morphology affected the overall results of the experiment.
Transport and skin lesions
No differences in the number of skin lesions of transported fish compared to control fish 
were observed. However, when controls or transported fish were compared to unhandled fish 
(baseline), the number of skin lesions was increased. This could be due to injuries sustained 
during preparation for transportation, i.e. draining the holding tank of water and consequent 
increased density, the 40 cm drop into empty crates, weighing and exposing fish to a second 
drop of 1 meter into water-filled transportation tanks. Another cause could be aggressive 
acts between fish, either provoked by stress [59,328,388] or by the struggles to establish a 
new hierarchy [265], as groups were split into new tanks; disrupting existing and calling for 
a new hierarchy to be established.
Transport and plasma parameters
Handling of the fish after the fasting period, but prior to transportation caused a mild, yet 
clear increase in plasma cortisol levels. Control animals did not show signs of recovery 
within the first three hours after handling stress, as measured by the plasma cortisol levels 
directly after transport (T0). Previous experiments have shown that cortisol levels start to 
drop immediately after removing the stressor (a 50-minute confinement) in channel African 
catfish [64], but remain above baseline values for at least 100 minutes. Unpublished results 
from our laboratory have shown that cortisol levels returned to baseline values within 30 
minutes after a stressor (15 minutes of air-exposure/crowding) in the African catfish. 
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A number of factors may have been responsible for the latency in recovery (9 hours after 
handling) in the control group. At time point T6, plasma cortisol levels in control fish were 
no longer significant compared to unhandled fish. This is six hours after fish density returned 
to a value of 250 kg/m3 housing conditions (half the density of transport conditions). This 
could suggest that the change in density may have been a stressor in our set-up, causing 
increased levels of plasma cortisol. Secondly, fish were placed in a new environment when 
placed in the transportation tanks, which may have evoked anxiety and stress [43] and it may 
have taken some time before fish were adapted to this new environment [209]. Thirdly, the 
group composition was changed as fish were divided over (transportation) tanks and this 
could have instigated the formation of a new hierarchy. Higher levels of basal cortisol are 
known to be associated with hierarchy formation in mammals [106]. This may be similar in 
fish. Fourthly, the stressor applied here may have been more severe (both in duration and 
intensity) than the stressor applied by Davis and Small [64], thus leading to more elevated 
plasma cortisol levels. Fifthly, it is possible that plasma cortisol levels measured after three 
hours were actually declining from a higher value earlier; i.e. cortisol peak values could have 
been highest somewhere during the three-hour wait period at the farm. In the experimental 
setup, due to limitations in space at the farm, it was impossible to have included extra groups 
to control for these factors. 
 Compared to control fish, transported fish showed even higher levels of plasma 
cortisol directly after transport. In addition, it took longer (8-fold) for plasma cortisol levels 
to return to baseline values in transported fish. This (prolonged) recovery time was estimated 
as a 4 on a scale of 1 to 5 by Dalla Villa and colleagues [62], where 1 is given as a mark to 
adverse effects lasting up to 3 hours and 5 given as a mark for adverse effects more than 72 
hours. This indicates that overland transportation is, as anticipated, a stressful experience in 
line with data on transportation of land animals [36,361]. In contrast, cortisol levels during 
transportation of salmon in well-boats returned to normal during transportation [132]. 
Only when transportation took place during rough weather, which could be considered a 
stressor, did plasma cortisol levels remain elevated [132]. During overland transportation 
fish are exposed to additional stressors, such as vibrations coming from the truck, constant 
water movement and unpredictable (traffic) noise. Such additional stressors during overland 
transportation could explain the increase in plasma cortisol and prolonged recovery time 
observed in transported animals.
 Unlike shown in previous studies [206], there was no significant increase in plasma 
glucose when fish were stressed (handled) compared to fish under baseline conditions. A 
possible reason could be that glucose levels had already decreased after the 72-hour fasting 
period where food was withheld and temperature lowered and that the handling stress 
brought glucose back to unhandled levels. Unfortunately, due to the experimental design, 
i.e. (simulated) commercial practice, we were unable to take plasma samples directly after 
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72 hours of fasting (prior to handling). During the course of the experiment, plasma glucose 
levels were steady in both transported and control fish, up till T48, where a decline was 
observed. At the same time, plasma cortisol levels slowly increased. It has been reported that 
cortisol levels rise when fish are fasted for longer periods of time [229] and that this rise can 
be initiated by a drop in plasma glucose [167]. In addition it appeared that the plasma glucose 
levels were inadequate to provide all the energy needed, as there was a rise in plasma NEFA 
levels around the same time as the glucose levels dropped. Normally NEFA levels are low in 
healthy animals and an increase in NEFA levels is often associated with fasting and indicative 
of a negative energy balance [289]. Although it remains unclear whether our results result 
from fasting, it is not uncommon for plasma NEFA levels to increase during periods of fasting 
and this has been previously observed among others in common carp (Cyprinus carpio) [126].
Concluding remarks
Our observations provide novel insight in the status of the African catfish during a (simulated) 
commercial overland transport. The data show that overland transportation is a significant 
stressor requiring a recovery period of 48 hours. Overland transportation exposes fish to a 
multitude of stressors that jointly may impose a significant allostatic load to the animals 
[156,161,246]. Cumulative effects of stressors could lead to allostatic overload, eventually 
leading to adverse consequence such as (sudden) death [217]. The African catfish is known 
for its sturdiness and transportation conditions described here appear to be tolerated by this 
species as we did observe recovery and no mortality. It should be noted however, that fish 
used in this experiment returned to the farm instead of ending at a slaughterhouse and that 
conditions at the farm are not similar as those found at slaughterhouses; here fish would 
likely be exposed to additional stressors such as adverse water conditions [302] and drops 
in water temperature [347]. Thus, given the fact that the stress axis is already activated in 
transported African catfish, it is entirely conceivable that fish may experience distress from 
additional stressors at slaughterhouses, and suffer from allostatic overload leading to 
enhanced risk of the (immediate) outbreak of disease, sudden death or (in general) poor 
welfare. In similar vein, when husbandry conditions on farms are suboptimal, transportation 
alone may easily impose allostatic overload and thus increased risk of disease, sudden death 
or (in general) poor welfare. 
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Abstract 
Among farmers it is common practice to house fish species under artificial photoperiods 
to optimise growth, delay maturation or reduce aggression. In the Netherlands African 
catfish (Clarias gariepinus) are commonly kept in recirculating aquaculture systems under 
continuous dim light. Hereby, an important Zeitgeber (i.e. the day-night cycle) is removed. 
This may cause changes in many biological processes, such as activity in the stress axis, 
expressed as increased aggression (higher number of skin lesions), lower coping capacity to 
challenges (poorer recovery) and lower growth rates. Providing a natural day-night cycle may 
therefore be beneficial to the biology, physiology and welfare of African catfish. Here, effects 
on growth, the number of skin lesions and plasma cortisol levels under basal conditions and 
following a challenge were assessed for African catfish housed under different photoperiods 
(continuous dim light or 12hr light-dark cycles), alone or in combination with feeding 
strategies (3x daily, pendulum, continuous). Results show that (i) there was no difference 
in growth between fish housed under continuous dim light or a 12hr light-dark cycle; (ii) 
photoperiod did not affect basal levels of cortisol, or recovery following a challenge, (iii) peak 
cortisol levels were higher during the light phase than the dark phase; (iv) the number of 
baseline skin lesions was higher under continuous dim light than under a 12hr light-dark 
cycle in fish fed 3x daily, (v) the number of skin lesions was higher when fish were challenged 
in the dark phase than light phase; (vi) feeding strategies influenced both cortisol levels and 
number of skin lesions following stress. Overall the data suggest that housing African catfish 
under a normal day-night cycle, with three feeding moments per day and handling during 
the light/resting phase would offer the most ideal conditions for the fish.
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Introduction
In the Netherlands the African catfish (Clarias gariepinus) is an important species in 
aquaculture and is farmed in recirculating aquaculture systems (RAS). Sustainability is 
becoming more important in aquaculture practices and one aspect thereof is animal welfare. 
Although animal welfare has been defined in different ways 
[37,161,246,319], key to all definitions is that poor welfare is associated with overtaxing the 
coping capacity of animals (allostatic overload [217]) which may result in chronic stress-
related physiology and behaviour, pathology, and increased mortality. 
 Recently, it was shown that a 3-hour overland transport of marketable African 
catfish might be considered a strong stressor as exemplified by long duration of recovery 
measured by physiological parameters and the number of skin lesion (Chapter 2). The 
number of skin lesions on the body of the fish is often used as an indicator for aggression 
[34,119,141,346] and is associated with poorer welfare. Acts of aggression spike after exposure 
to stressors such as handling [197] and netting [346] and is a behaviour displayed by rats 
[178] and fish [368,387] to reduce stress. It can be hypothesised, that by reducing the stress-
load on the African catfish, stress-induced aggressive behaviour is lowered.
 In aquaculture, housing conditions are primed towards production. Among farmers 
it is common practice to house fish species under artificial photoperiods to optimise growth, 
delay maturation or reduce aggression [7,236]. Farming of African catfish in recirculating 
aquaculture systems is often done under a constant photoperiod (i.e. 24 hours low light) to 
improve production, but doing so removes an important Zeitgeber: the day-night cycle. African 
catfish are a nocturnal species, with most activity during the dark phase and a period of rest 
during the light phase [12]. The onset of light initiates the synchronisation of many biological 
processes that follow a circadian rhythm [278], among them the hypothalamus-pituitary-
interrenal (HPI) axis [239]. Changes in the circadian rhythm of cortisol due to changing the 
day-night cycle, can result in inadequate responses to challenges [148,363], and may lead to 
compensatory hyperactivity of other mediators [215]. During aquaculture practices fish are 
potentially exposed to a multitude of challenges, such as handling [197], poor water quality 
[286], inappropriate stocking densities [141,346] and transport [27,33,132,197,242,243]. When 
fish are unable to properly cope with these challenges they can experience allostatic overload 
[215] which may lead to aggression and thus poor welfare. 
 It follows that providing a natural day-night cycle may be beneficial for the biology, 
physiology and welfare of African catfish. It may reduce allostatic load, which would not only 
enable the fish to cope with and recover from challenges on a physiological level, but may 
also lower aggressive behaviour and possibly increases growth rate. To test this hypothesis in 
a laboratory setting, African catfish were housed under 12hrs light: 12hrs dark (12L:12D) and 
24hrs dark  photoperiods and offered three different feeding strategies: 3x daily, ad libitum 
and continuous. Growth performance was monitored and feed conversion ratios (FCR) were 
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calculated. In addition, before and after a 15-minutes forced crowding and air-exposure 
stressor, plasma cortisol levels were measured and the level of aggression was indirectly 
assessed by counting the number of skin lesions [7]. To further investigate differences in 
stress-responses between both photoperiods, African catfish were housed under three 
photoperiods: (1) 12hrs light: 12hrs dark (12L:12D) with lights on between 07:00-19:00 hours; 
(2) 12hrs dark :12hrs light (12D:12L) with lights on between 12:00-24:00 hours and (3) 24 hrs 
dim light (0L:24D; no period of lights on). Basal and stress-induced levels of plasma cortisol 
were compared and the number of skin lesions was assessed. The stressor was applied in 
either the dark/active phase (12D:12L and 0L:24D groups) or the light/resting phase (12L:12D 
group only).
Material and Methods
Ethical approval
Experiments were approved by the Animal Ethics Committee of Wageningen UR (#2012045.b) 
and the Radboud University Nijmegen (#RU-DEC2010-092 herzien) and were conducted 
in agreement with Dutch laws (“Wet op de Dierproeven”, 1996) and European regulations 
(Directive 86/609/EEC).
Animals and housing
Experiment I: African catfish (Clarias gariepinus) (average weight: 40 grams at approx. 18.50 
kg/m3; Fleuren and Nooijen, Someren, the Netherlands) were randomly assigned to six 
different experimental tanks. At the end of the experiment the average weight of the fish 
had reached  between 125 grams (at approx. 55kg/m3) and 250 grams (at approx. 100kg/m3) 
depending strategy. 
 Experiment II: African catfish (Clarias gariepinus) (average weight: 10 grams at 
approx. 6.67 kg/m3; Fleuren and Nooijen, Someren, the Netherlands) were randomly assigned 
to six different experimental tanks. At the end of the experiment the average weight of the 
fish had reached between 217 grams (at approx. 100kg/m3) and 332 grams (at approx. 75kg/
m3) depending on sampling time.
 In both experiment I and experiment II, African catfish were kept in custom-made 
glass aquaria (length x width x height: 100cm x 50cm x 60cm). Water level was brought up 
to 30 centimetres, giving a total tank volume of 150 litres. Each tank had its own recirculation 
system and biological filter, increasing the total water volume of the system to a total of 
450 litres. Water quality was assessed by measuring concentrations of ammonia, nitrate 
and nitrite using commercially available tester kits (Sera, Heinsberg, Germany). Electronic 
sensors inside the tanks measured temperature and pH continuously. All experiments were 
carried out at 28 °C water temperature.
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Experimental design
Experiment I: A total of six groups of fish were used in this experiment, Three groups were 
housed a constant photoperiod of 24hrs dim light (0L:24D; 1 lux at the surface of the water) 
and the remaining three groups under a 12hrs light:12hrs dark (12L:12D; 07.00h-19.00h lights 
on; 350 lux at the surface of the water during the light phase and 0 lux during the dark 
phase) light cycle (Figure 1A). Under each photoperiod, each groups was given one of three 
feeding strategies. Feeding Strategy 1 (3x Daily): three times daily (07.00h – 15.00h – 
23.00h) fish were fed a fixed amount of food via an automatic feeder (Velda, Enschede, the 
Netherlands). Feeding Strategy 2 (Pendulum): feeding was done via a previously described 
pendulum method [152]. Briefly, fish were allowed to feed ad libitum by way of a pendulum 
that was positioned just below the water surface. Triggering the pendulum would activate 
a feed dispenser (Velda Pro Feeder: Velda, Enschede, the Netherlands) which then dropped 
a fixed amount of feed into the tank. Triggering of the pendulum was limited to once every 
5 minutes to avoid accidental activation during eating (as fish may touch the pendulum 
unintentionally). Feeding Strategy 3 (Continuous): Feed given was spread out evenly over 
a 24-hour time-period by a simple belt-feeder (model: Steward by HOBBY; Dohse Aquaristik 
GmbH & Co. KG, Grafschaft-Gelsdorf, Germany). The belt-feeder was constantly running 
and food was constantly supplied to the belt, but the amount of food carried and the time-
intervals by which it was dropped into the water from the food reservoir was random. We 
adjusted the amount of feed given over a 24-hour period to match the amount given in the 
3x daily feeding regime. Over the course of the experiment the total amount of food supplied 
to the belt-feeder was recorded.
 Fish were housed and monitored under these conditions for four weeks after which 
they were exposed to the stress protocol (see “stress protocol”; Figure 1C). Only one group 
was sampled per day and sampling was done once every two days to reduce possible side 
effects of sampling activity of the previous day. All groups were stressed at the same time: 
09.00 hour (Figure 1A).
Experiment II: Three groups (2 tanks per group) were housed under different photoperiods 
(Figure 1B): 12hrs light:12hrs dark (12L:12D; 07.00h-19.00h lights on; 350 lux at the surface of 
the water), 12hrs dark:12hrs light (12D:12L; 12.00h-24.00h lights on; 350 lux at the surface of 
the water during the light phase and 0 Lux during the dark phase) and 0hrs light:24hrs dim 
light (0L:24D; 1 lux at the surface of the water). Fish were fed three times daily (12L:12D and 
0L:24D at 07.00h – 15.00h – 23.00h; 12D:12L at 04.00h - 12.00h – 20.00h) a fixed amount of 
food via an automatic feed dispenser (Velda Pro Feeder: Velda, Enschede, the Netherlands). 
One tank of fish from each photoperiod group was exposed to the stress protocol (see “stress 
protocol”; Figure 1C) after three months of housing, leaving the second tank to be stressed 
a month later. One group was sampled per day and sampling was done every other day to 
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reduce possible side effects of sampling activity of the previous day. Groups were stressed on 
different clock hours to correct for shifts in feeding times: 12L:12D and 0L:24D were stressed 
at 11:00h; 12D:12L was stressed at 08:00h (Figure 1B). The duplicate experiments revealed 
a similar outcome and there were no significant differences in the measured parameters 
(except weight, due to a longer housing period) between the duplicate tanks for each 
photoperiod. Therefore, for ease of reading, these duplicates were merged to a single group.
Stress protocol
One day before the stress protocol was used, fish were fasted. All groups in experiment I 
were stressed at 09.00h, while groups in experiment II were stressed at 11.00h (12L:12D), 
08.00h (12D:12L) or 11.00h (0L:24D) to correct for photoperiod and feeding times. In both 
experiments, fish were netted from their housing tank and placed together in a dry mortar 
tub (65 cm diameter x 37 cm height) for 15 minutes to evoke a stress response (forced air 
exposure and crowding stress). To assess the stress response, from each group 7-10 fish were 
sampled at each of the following time points: directly before the stressor to function as basal 
(T0) and at three moments after the stress protocol: directly after (T15) and after a recovery 
period of 15 or 45 minutes (T30 and T60). During the recovery period the fish for T30 and T60 
were housed in separate tanks (each time-point one tank), filled with water from their home 
tank. A schematic overview can be seen in Figure 1C.
FIGURE 1 | A schematic overview of (A) experiment I and (B) experiment II and the stress protocol 
(C). The different experimental groups are shown as: Light-Dark (L:D), Dark-Light (D:L), Dark-Dark (D:D). 
Black bars indicate periods of lights off and white bars indicate periods of lights on. Each full bar represents 24 
hours as is noted at the bottom of the figures. Arrowheads indicate the fixed feeding moments (3x daily). 
Note that in the ad libitum (pendulum) and continuous feeding moments are not indicated. Time of stressor 
exposure is shown in red. (C) Fish were either sampled for basal conditions directly from their home tank 
(T0) or were exposed to a 15 minute forced air exposure/crowding stressor. Following, fish were directly 
sampled (T15) or give either a recovery time of 15 minutes (T30) or 45 minutes (T60) before being sampled
A B
C
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Fish handling and euthanasia
Depending on the experimental group, a number of fish was randomly collected from the 
home tank or mortar tub by netting and placed within a second large mortar tub filled 
with water containing 0.1% (v/v) 2-phenoxyethanol (Sigma, St. Louis, USA). Once deeply 
anaesthetised (within one minute), fish were collected and blood was drawn after which 
they were immediately killed by transecting the spinal cord behind the skull. For the number 
of fish sampled at each time point in each experiment, we refer to the figures and/or 
accompanying legends.
Blood collection
Blood was drawn from the caudal vein, using heparinised syringes. One ml was collected in 1.5 
ml reaction vials (Eppendorf, Hamburg, Germany) and immediately put on ice. Subsequently 
reaction vials were centrifuged (18,620 rcf, 4°C, 10 minutes) and blood plasma was separated 
from blood cells and stored at -20°C until analysis. 
Plasma cortisol
Plasma cortisol was measured as previously described [97]. Briefly, 96-well microtiter plates 
were coated with mouse cortisol-antibodies in coating buffer. Plates were cleared of coating 
buffer and washed with a wash buffer before blocking possible non-specific binding sites 
with blocking buffer. Wells were cleared of blocking buffer and 10 µl of standard or sample, 
together with 90 µl of tracer, was added to the wells. After an incubation period of 4 hours 
at RT, wells were cleared and washed before scintillation liquid was added. Activity was 
measured with a β-counter (detection limit: 4ng/ml; inter-assay VC: 12.5% and intra-assay 
VC: 2.5%). 
Skin lesions scoring
Skin lesions were scored as previously described [197]. Briefly, at each of the sampling 
moments all fish within an experimental group were checked for skin lesions. The number 
of skin lesions (including those on fins and barbless) is the average number calculated from 
two separate counts per fish performed by two researchers (RM, JB). For experiment I only 
the total number of skin lesions were recorded. In experiment II the old skin lesions (i.e. non-
bloodied scars) and the new skin lesions (i.e. bloodied wounds) were reported separately. 
In this experiment we used the old skin lesions as indicator for aggression during housing 
(basal) and the new skin lesions as indicator for (our) stressor induced aggression.
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Statistics
Statistical analyses were performed with GraphPad Prism 5.0 for Mac (GraphPad Software 
Inc., La Jolla, USA). 
 Experiment I: Differences between groups in both plasma cortisol and skin lesions 
were analysed with a two-way ANOVA (factors: feeding strategy and time; photoperiod and 
time). In case of significant main effects, post-hoc analysis was performed. For the factor 
feeding strategy or photoperiod we performed a Bonferroni post-test to assess significant 
differences between groups within a given sampling time. For the factor time we performed 
a one-way ANOVA across the different sampling times (T0, T15, T30 and T60) for each 
feeding strategy or photoperiod and followed with a Dunn’s post-hoc analysis to compare 
each column to the T0 column (basal conditions) only.
 Experiment II: Differences in plasma cortisol between groups was assessed with a 
two-way ANOVA (factors: photoperiod and time). In case of significant main effects, post-
hoc analyses were performed. For the factor photoperiod we performed a Bonferroni post-
test to assess significant differences between groups within a given sampling time. For the 
factor time we performed a one-way ANOVA across the different sampling times (T0, T15, 
T30 and T60) within a given photoperiod. Significance was followed by a Dunn’s post-hoc 
analysis to compare each column to the T0 column (basal conditions) only. Differences in 
the number of skin lesions were assessed by a Kruskal-Wallis as a D’Agostino & Pearson 
omnibus normality test revealed that groups displayed a normal distribution. A significant 
Kruskal-Wallis was followed by a Dunn’s post-hoc analysis to compare each column to each 
column. For ease of reading all statistical analysis are displayed in the figures.
Results
Experiment I: Growth and feed conversion rate
There was no significant effect on final wet body weight between photoperiods. However, 
we did observe significantly heavier fish in the pendulum fed group compared to the 3x daily 
fed group (p ≤ 0.001) and the continuously fed group (p ≤ 0.001). There was no interaction 
between photoperiod and feeding strategy (Figure 2).
 Increase in wet body weight ranged between 300% (continuous group) and 600% 
(pendulum group). In addition, the table also lists the total amount of food given for each 
group and the calculated food the FCR for each group. We did not observe differences in FCR 
between feeding strategies (FCR between 0.61-0.62; n=2 per feeding strategy) or photoperiod 
conditions (FCR between 0.60-0.63; n=3 per photoperiod). Mortality varied between 
groups (lowest value: 1.4%; highest value: 17.5%) with no systematic differences between 
photoperiods, although it should be noted that in two out of three feeding strategies values 
were lower for the 12L:12D than 0L:24D group (data not shown).  
045
CHAPTER 03
Experiment I: Plasma cortisol
Regardless of photoperiod (12L:12D or 0L:24D) no significant differences in plasma cortisol 
were found between feeding strategies under basal conditions (T0). Independent of 
photoperiod (12L:12D or 0L:24D) plasma cortisol was significantly higher directly following 
the stressor (T15) compared to basal levels (T0). However, under 12L:12D the pendulum 
group showed a higher peak value than the 3x daily and the continuous fed group, while the 
opposite was the case under 0L:24D. Under 12L:12D plasma cortisol levels had returned to 
basal levels at T60, except for the continuous fed group, which remained significantly higher. 
For all groups housed under 0L:24D plasma cortisol remained significantly higher at T60 
compared to basal. Regardless of photoperiod (12L:12D or 0L:24D) no differences were found 
between feeding strategies at T30 or T60 (Figure 3A-B).
 Irrespective of feeding strategy (3x daily, pendulum or continuous), no significant 
differences in plasma cortisol were found between photoperiods under basal conditions (T0). 
Regardless of feeding strategy (3x daily, pendulum or continuous) we observed significantly 
higher peak plasma cortisol levels directly following the stressor (T15) for groups housed 
under 12L:12D compared to those housed under 0L:24D; no significant differences between 
photoperiods were observed at later sampling times (T30 and T60) (Figure 3C-E).
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FIGURE 2 | Final weight of catfish at the end of the experiment. Fish were housed under a 
L:D photoperiod (white squares) or D:D photoperiod (black squares) and fed under different 
feeding regimes: 3x daily, pendulum or continuous. Significant main effects in a two-way 
ANOVA were followed by a post-hoc analysis and significance is indicate as p ≤ 0.001 (***)
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Experiment I: Skin lesions
Regardless of photoperiod (12L:12D or 0L:24D) no significant differences in the total number 
of skin lesions were found between feeding strategies under basal conditions (T0). Regardless 
of photoperiod (12L:12D or 0L:24D) the number of skin lesions increased when animals were 
recovering from the stressor (T30 and T60) rather than directly following the stressor (T15). 
When compared to basal (T0) we observed that under 12L:12D the 3x daily group did not 
show significantly more skin lesions at the different sampling moments (T15, T30 and T60), 
whereas the pendulum group and the continuous group had significantly more skin lesions 
at T30, and at T30 and T60, respectively. Under 0L:24D we found that both the 3x daily group 
and continuous group had significantly more skin lesions at T60, whereas no significant 
increase was found for the pendulum group. 
FIGURE 3 | Plasma cortisol levels. Comparison of plasma cortisol levels between feeding strategies [3x 
daily (dotted), pendulum (blocked) or contunuous (striped)] under (A) L:D housing conditions and (B) D:D 
housing conditions. Figures [C (3x daily), D (penduum) and E (continuous)] compare plasma cortisol levels 
between photoperiods [L:D (white) or D:D (black)] for each feeding strategy. Each bar shows the group mean 
plus the standard deviation (sd). The number of animals for each group: n=14 (T0) and n=7 (T15, T30 and 
T60). Significant main effects in a two-way ANOVA were followed by a post-hoc analysis and significance is 
indicate as (A and B) different letters above each bar for each given sample moment or (C, D and E) p ≤ 0.01 
(**) and p ≤ 0.001 (***). Significant differences compared to basal (T0) are indicated with hash-tags (#).
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Under 12L:12D the 3x daily group had a lower number of skin lesions than the pendulum (at 
T30 and T60) and continuous (T30) fed group. Under 0L:24D the 3x daily group had a higher 
number of skin lesions than the pendulum (T30) and continuous (T30 and T60) fed group 
(Figure 4A-B). 
 In the 3x daily feeding strategy but not in the pendulum or continuous feeding 
strategy the basal (T0) number of skin lesions was higher under 0L:24D than 12L:12D. In 
addition, for the 3x daily fed groups the number of skin lesions following acute stress was 
significantly higher for the 0L:24D group compared to the 12L:12D group at T30 and T60. We 
observed significantly more skin lesions for the 12L:12D group than 0L:24D group at T30 when 
fish were fed via the pendulum and continuous. However, at T60 no significant differences 
were observed between 12L:12D and 0L:24D for these two feeding strategies (Figure 4C-E).
FIGURE 4 | Number of skin lesions. Comparison of the total number of skin lesions between feeding strategies 
[3x daily (dotted), pendulum (blocked) or contunuous (striped)] under (A) L:D housing conditions and (B) D:D 
housing conditions.  Figures [C (3x daily), D (penduum) and E (continuous)] compare the total number of skin 
lesions between photoperiods [L:D (white) or D:D (black)]for each feeding strategy . Each bar shows the group 
mean plus the standard deviation (sd). The number of animals for each group: n=14 (T0) and n =7 (T15, T30 
and T60). Significant main effects in a two-way ANOVA were followed by a post-hoc analysis and significance is 
indicate as (A and B) different letters above each bar for each given sample moment or (C, D and E) p ≤ 0.01 
(**) and p ≤ 0.001 (***). Significant differences compared to basal (T0) are indicated with hash-tags (#).
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Experiment II: Plasma cortisol
No significant differences in plasma cortisol were found between photoperiods (12L:12D, 
12D:12L and 0L:24D) under basal conditions (T0). Regardless of the stressor being applied 
during the light/resting phase (12L:12D) or the dark/active phase (12D:12L and 0L:24D) plasma 
cortisol levels were significantly increased directly following the stressor (T15) compared to 
basal levels (T0). However, peak levels of plasma cortisol were significantly higher in African 
catfish stressed in the light/resting phase (12L:12D) compared to those stressed in the dark/
active phase (12D:12L and 0L:24D). No difference in peak levels of plasma cortisol were 
observed between 12D:12L and 0L:24D. Plasma cortisol returned to basal at T30 for 12L:12D 
and 0L:24D and at T60 for 12D:12L (Figure 5A).
Experiment II: Skin lesions
Fish housed under 12L:12D had a significantly lower number of old skin lesions compared to 
fish housed under 12D:12L and 0L:24D (Figure 5B). 
 The average number of newly inflicted skin lesions found per fish following a 
stressor (T15, T30 and T60) was significantly lower in fish stressed during the light/resting 
phase (12L:12D) than during the dark/active phase (12D:12L and 0L:24D) (Figure 5C).
FIGURE 5 | Plasma cortisol and number of skin lesions. Graphs show (A) comparison of plasma 
cortisol levels between feeding strategies under the three photoperiods. (B) The number of skin lesions 
under basal housing conditions (old lesions) and (C) newly inflicted skin lesions during the recovery 
period (fresh lesions). Each bar shows the group mean plus the standard deviation (sd). The number of 
animals per group is shown at the base of each bar. Significant main effects in a two-way ANOVA were 
followed by a post-hoc analysis and significance is indicate as different letters above each bar for each 
given sample moment. Significant differences compared to basal (T0) are indicated with hash-tags (#).
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Discussion
Here, we report the effects of different photoperiods (continuous dim light or 12hr light-dark 
cycle), alone or in combination with feeding strategies (3x daily, pendulum, continuous), on 
growth as well as number of skin lesions and plasma cortisol levels under basal conditions 
and following a challenge. Results show that (i) there was no difference in growth between 
fish housed under continuous dim light or a 12hr light-dark cycle; (ii) photoperiod did not 
affect basal levels of cortisol, or recovery following a challenge, (iii) peak cortisol levels were 
higher during the light phase compared to the dark phase; (iv) baseline skin lesions were 
higher under continuous dim light than under 12hr light-dark cycle in fish fed 3x daily, (v) the 
number of skin lesions was higher when fish were challenged in the dark phase than light 
phase; (vi) feeding strategies influenced both cortisol levels and the number of skin lesions 
following stress. 
Feed and growth
While some studies report the highest growth under photoperiods with the least hours of 
light [6,236], other studies found no effect of photoperiod on growth [119]. In line with the 
latter, no difference in growth between different photoperiods was observed in the current 
study. In addition, fish with ad libitum feeding (pendulum) gained more weight (approx. 
560% increase) compared to fish fed fixed amounts of feed (3x daily or continuous; approx. 
335% increase). This greater increase in weight is due to a greater intake of food. However, 
no difference in the FCR between these different feeding strategies: 0.62 (ad libitum; n=2 
(pendulum)) versus 0.62 (restricted; n=4 (3x daily; continuous) was seen. Further, data 
from Boerrigter and colleagues [29] suggested that feeding solely during the dark/active 
phase increased growth and resulted in a lower FCR (approx. 0.50), whereas feeding solely 
during the light/resting phase increased the FCR (approx. 0.80) in fish that were housed 
under a 12hrs dark- 12hrs light cycle. Here, fish were fed or had access to feed both during 
the light/resting phase and dark/active phase. The FCR values reported here fall between 
those reported for day-only feeding and night-only feeding by Boerrigter and colleagues [29], 
suggesting that feeding during the night phase, when African catfish are normally active 
and may process food more optimally may be better from a perspective of growth and food 
conversion. 
Plasma cortisol 
Neither in experiment I nor in experiment II was there any effect of the photoperiod on basal 
plasma cortisol levels. In addition, in experiment I feeding strategies had no effect on this 
measure. As samples were collected only at one time-point across a 24-hour cycle we cannot 
as yet conclude that these data indicate that feeding strategies or photoperiods do not affect 
basal activity of the HPI-axis. Previously, highest levels of cortisol following stress were 
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observed one hour post stressor exposure [346], here however, the highest levels of plasma 
cortisol are noted directly following the stressor (T15). Similar observations were made after 
applying the same stressor (15 minutes forced air exposure and crowding) in another series of 
experiments [29]. Analysis of plasma cortisol levels 15 minutes (T30) and 45 minutes (T60) 
after the challenge in experiment I suggested that recovery was slightly longer in groups 
housed under 0L:24D than under 12L:12D. The data suggest that this phenomenon was 
strongest for fish fed 3x daily. However, this finding could not be replicated in experiment 
II where fish were also fed 3x daily and housed under 12L:12D and 0L:24D photoperiods. 
Thus, these data do not as yet provide evidence that continuous dim light affects the coping 
capacity of African catfish. However the data in experiment I clearly suggest an interaction 
effect of photoperiod and feeding strategy on plasma cortisol levels, which will be discussed 
below (section influence of feeding strategy).
 Groups that were stressed during the dark/active phase (12D:12L and 0L:24D) had 
similar peak concentrations of plasma cortisol (50 ng/ml) to what was previously reported 
for farmed African catfish following transport (50 ng/ml) [197]. In contrast, groups that 
were exposed to the stressor during the light/resting phase (12L:12D) had significantly 
higher peak levels of plasma cortisol (cortisol 80-200 ng/ml). The peak cortisol levels in 
the pendulum group were slightly different from the 3x daily and continuous group: while 
the peak values were higher under the 12L:12D they were lower during 0L:24D, sharply 
increasing the contrast between a stressor applied during the light or dark phase. Whether 
this is related to differences in activity patterns induced by pendulum feeding in animals 
housed under 12L:12D and 0L:24D is not clear. Although feeding patterns and tank activity 
were not analysed in this study, feeding activity for African catfish has been reported to occur 
throughout the day when food is available [6], albeit some studies suggest that more feeding 
takes place during the dark phase [118]. 
 A photoperiod-related effect on the plasma cortisol response to a stressor is not 
uncommon and has been reported previously in a wide range of other species, such as rats 
[11], marine iguanas [282], white-crowned sparrow [32], green sturgeon [171] and sole [184]. 
One function of cortisol is to increase the amount of available energy (glucose), which is 
needed to mount an adequate response in relation to challenges [88]. During the light phase 
African catfish normally show resting behaviour [12] which is associated with reduced oxygen 
uptake that is indicative for a lower metabolism [12]. Not displaying aggressive behaviour 
may thus be related to the energy available to perform a behavioural response. Thus it may 
be hypothesized that African catfish require higher levels of cortisol to recruit energy in order 
to adequately cope with the stressor during the day than during the night. 
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Skin lesions
In experiment I a lower number of basal skin lesions was observed for fish housed under 
12L:12D compared to those housed under 0L;24D in fish that were fed 3 x daily, while the 
results for fish fed with a pendulum or continuously did not show such an effect. The results 
for fish fed 3x daily were replicated in experiment II. Together, the data show that variation in 
the day-night cycle as well as the time-of day fish are exposed to stressors may affect basal 
skin lesions. In addition, an interacting effect of feeding strategy on the response to a stressor 
may be present (as for cortisol, see further section influence of feeding strategy). 
 The lower number of basal skin lesions under 12L:12D might be related to the resting 
behaviour observed during the light phase of 12L:12D (supplementary video V1). This typical 
resting behaviour was not observed under 0L:24D, suggesting that this behaviour is typical 
for the light/resting phase. These observations are in line with previous studies, where fish 
were found to display more activity during the dark phase and more resting during the light 
phase [7,141]. Although, some studies reported less activity during the dark phase [6], all 
share that the phase in which activity was lowest was associated with less aggression and 
skin lesions. Together, this suggests that the number of skin lesions relates to the active and 
resting phase of the African catfish and not to the light or dark phase per se.
  It came as a surprise to us to find a higher basal number of skin lesions on fish 
housed under a 12D:12L photoperiod (lights on 12.00 - 24.00 h) compared to fish housed 
under a 12L:12D photoperiod (lights on 07.00 - 19.00 h), as both were exposed to a similar 
light regime, i.e. same duration of light and darkness. These contrasting data may however 
be reconciled when the effects of stressors on the number of skin lesions are considered. 
Previous studies by us [197] and others [346] have reported an increase in the number of 
skin lesions following a stressor. In line with this, here too an increase in the number of 
skin lesions following the challenge was observed. Interestingly, a stronger increase in fresh 
wounds was observed for fish challenged in the dark phase compared to the light phase, 
when housed under 12L:12D. This observation might explain the higher number of skin 
lesions found under basal conditions for the 12D:12L group. For, this group was housed under 
an artificial photoperiod that did not mirror the natural light hours (i.e. 24:00-12:00 hour 
lights out). Work activity in the aquarium facilities in which the fish were housed starts at 
08.00 hours and it is not unlikely that this activity is associated with spikes in background 
noise or vibrations in the aquarium facilities. These disturbances may act as stressors [138] 
and fish under 12D:12L would show a stronger behavioural response (i.e. aggression) to these 
disturbances compared to the fish housed under 12L:12D, as these disturbances happen 
during part of their dark/active phase (i.e. between 08.00-12.00 h). 
 Note, that the number of lesions was not increased immediately after the stressor 
(T15) but only in the recovery phase, 15 minutes (T30) and 45 minutes (T60) following the 
challenge. This suggests that aggressive acts may strongly increase following a stressor only
052
Cortisol and skin lesions
In general, a stronger physiological stress response (i.e. higher plasma cortisol levels) was 
related to lower aggression (i.e. fewer skin lesions). Although not quantified by van de 
Nieuwegiessen and colleagues [346] a similar observation can be made in their study, i.e. 
fish that displayed a stronger cortisol response had a lower number of skin lesions following 
stressor exposure. It is interesting to note that the plasma cortisol peak levels were 
observed directly following the stressor (T15), whereas the increase in skin lesions was seen 
during the recovery phase (T30 and T60). This may suggest that the behavioural response 
(i.e. aggression) is more associated with the recovery phase to cope with the stressor, i.e. 
redirected aggression to reduce stress [178,368,387]. There also seems to be a relation 
between the activity level of the African catfish and the number of stressor-induced skin 
lesions and the release of cortisol to the bloodstream (peak levels and duration), i.e. the more 
active a fish is when exposed to a stressor, the lower the cortisol release, but the higher its 
aggressive behavioural response (as deduced from skin lesions inflicted onto others). This 
offers a starting point for future studies to focus on reducing aggressive behaviour in African 
catfish aquaculture.
Influence of feeding strategy
Overall our data suggest that housing African catfish under a normal day-night cycle and 
applying stressors during the light phase results in the lowest number of skin lesions. 
However, this observation holds true for fish fed 3x daily only, as we observed different 
results for the pendulum fed and continuous fed groups as indicated above. Although 
speculative, it can be hypothesised that the constant availability of food resulted in constant 
activity across a 24-hour period within the group of fish (despite having a resting phase), 
i.e. some individuals are actively searching for food, while others try to rest. Although the 
overall activity would be less during the light-phase (due to some fish resting), causing less 
aggression and fewer skin lesions (basal), once exposed to a stressor the few individual fish 
that were active (due to feeding activity) responded stronger and showed aggression. This 
would increase the number of skin lesions within a group post-stress. 
 Related to the possibility of a higher level of overall activity during the resting phase 
of groups fed via a pendulum or continuously may be the formation of stronger hierarchies. 
Dominant fish may attempt to claim either the feeding apparatus or location in the tank 
at which food is delivered. This may have changed the group dynamics and could have 
influenced the observed cortisol and behavioural responses post-stress. This dominance may 
be of a lesser role for the 3x daily fed groups, as it is harder for an individual to control food 
intake of tank-mates (i.e. there is no pendulum to be controlled and the amount of food that 
falls into the tank is much larger, making it harder for one single fish to eat it all and prevent 
others from either. Whether either of these possibilities holds true requires investigation.
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Aquaculture 
Based on the data reported here, housing African catfish under a normal day-night cycle 
with three feeding moments per day and handling and sorting done during the resting phase 
would offer the most ideal conditions for the fish. Although peak levels of cortisol are higher 
under such conditions, they rapidly decline to basal levels. In addition the number of skin 
lesions may be the lowest during normal housing, the aggressive behavioural response 
(number of skin lesions inflicted into others) to a stressor is weakest, and growth is not 
reduced compared to a 0L:24D photoperiod. In line with these recommendations, a recent 
study [237] also reported that the overall welfare of African catfish was better under a 
12L:12D photoperiod compared to a 0L:24D photoperiod, reflected by fewer injuries and less 
mortality.
 However some remarks regarding the implementation of these findings may be 
made. Firstly, data of a recent study in zebrafish [199] suggested that repeated exposure to 
unpredictable acute stressors imposes a greater stress load when given during the resting 
phase compared to the active phase. The imposed stress load associated with aquaculture 
practices on the African catfish, and whether it differs between the resting and active phase, 
is currently not known, but warrants further research.
 Secondly, although growth under a 3x daily feeding regime is lower compared to 
pendulum feeding, the FCR between groups is nearly the same. It is known that a greater 
food intake is associated with a greater nitrogenous waste excretion, which, if not handled 
properly, has negative consequence for water quality and mortality [374]. This can have 
negative effects on growth and animal welfare [287,302,303]. In this experiment water 
quality did not exceed the proposed recommended limits for nitrite, nitrate and ammonia 
[286], but stocking densities are much higher in aquaculture practices and may therefore be 
more difficult to maintain a proper water quality. 
 Thirdly, conclusions reported here are based on experiments performed on a small 
scale and under laboratory conditions and can therefore not be directly translated to an 
aquaculture setting. An increase in stocking density for example would limit bottom space 
for fish to display resting behaviour and may create constant activity in the tank as fish 
compete for this limited space, regardless of photoperiod conditions. This constant activity 
could prevent the emergence of an actual resting phase and even act counterproductive when 
competition for bottom space is associated with increased acts of aggression. It was recently 
observed that increased densities may negatively affect the welfare of African catfish [29].
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Abstract
The zebrafish (Danio rerio) is increasingly used as a model in neurobehavioural and 
neuroendocrine studies. The inhibitory avoidance paradigm has been proposed as tool to 
study mechanisms underlying learning and memory in zebrafish. In this paradigm subjects 
receive a shock after entering the black compartment of a black-white box. On the next 
day, latency to enter the black compartment is assessed: higher latencies are indicative of 
increased avoidance learning. Here, we aimed to understand the effects of different shock 
intensities (0V, 1V, 3V and 9V) and to unravel variation in inhibitory avoidance learning in 
an in-house reared Tuebingen Long-Fin (TLF) zebrafish (Danio rerio) strain. While median 
latencies had increased in the 1V, 3V and 9V groups, no increase in median latency was 
found in the 0V group. In addition, higher shock intensities resulted in a higher number of 
avoiders (latency ≥180 seconds) over non-avoiders (latency <60 seconds). Both changes are 
indicative of increased avoidance learning. We assessed whole-body cortisol content and 
the expression levels of genes relevant to stress, anxiety, fear and learning two hours after 
testing. Shock intensity was associated with whole-body cortisol content and the expression 
of glucocorticoid receptor alpha (gr-α), cocaine- and amphetamine-regulated transcript 
(cart4) and mineralocorticoid receptor (mr), while avoidance behaviour was associated with 
whole-body cortisol content only. The inhibitory avoidance paradigm in combination with 
measuring whole-body cortisol content and gene-expression is suitable to unravel (genetic) 
mechanisms of fear avoidance learning. Our data further show differences in brain-behaviour 
relationships underlying fear avoidance learning and memory in zebrafish. These findings 
serve as starting point for further unravelling differences in brain-behaviour relationships 
underlying (fear avoidance) learning and memory in zebrafish.
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Introduction 
The zebrafish (Danio rerio) is increasingly used as a model in (neuro)behavioural [92,224], 
neurobiological [42] and genetic research [179]. This teleost shows relatively high genetic 
homology to humans [120] and has many advantages over the use of rodents, such as low 
(maintenance) cost, easy handling, short reproduction cycle and high fecundity. In addition, 
its genome [133], transcriptome [208] and proteome [186] have been described, making the 
species a model of choice for behavioural research linked to genetics. 
 An emerging field of interest in zebrafish research is learning and memory related to 
anxiety and fear [145,323], which has been studied, among others, using inhibitory avoidance 
[26,241,263]. Inhibitory avoidance is measured by the latency of an individual to enter a 
conditionally aversive environment [212]. Recently an inhibitory avoidance response was 
observed in a single-trial paradigm in which zebrafish (AB strain) learned to avoid swimming 
from a white to a black compartment to avoid a 3V electric shock [26,241,263]. It has been 
shown that fear-avoidance learning is mediated by activation of the N-methyl-D-aspartic 
acid (NMDA) receptor and that administration of NMDA-antagonists, such as MK-801, 
prevents the formation of fear-avoidance [26,241] and alters behavioural performance [316]. 
Other pharmacological studies in teleosts show that disrupting cell adhesion molecules 
[266] or protein synthesis [359] may also interfere with memory formation or consolidation. 
The inhibitory avoidance paradigm has therefore been proposed as tool to study mechanisms 
underlying learning and memory formation in zebrafish and as screen for drugs affecting 
these mechanisms. 
 Although inhibitory avoidance is well studied in rodents, knowledge thereof is 
limited in zebrafish [26,241,263]. Inhibitory avoidance in zebrafish is based on a conflict 
between the innate response to enter a dark (black) environment to avoid a brightly lit 
(white) environment (anxiety [49,321]) and avoiding a shock received in the dark environment 
(fear; shock-environment learning). We studied the effects of different shock intensities (0V, 
1V, 3V and 9V) on inhibitory avoidance learning in an in-house reared Tupfel Long-Fin (TLF) 
zebrafish strain to manipulate this conflict. We predicted that increasing shock intensities 
from 1V to 9V would increase inhibitory avoidance, as shock-induced fear would overrule 
innate anxiety. We assumed that no avoidance behaviour would occur in a 0V group, which 
served as control group for the training procedure per se. Data from our laboratory [196] have 
suggested differences in inhibitory avoidance learning between individuals. Whether these 
differences are task-specific or an expression of differences in coping styles [56,157,158] is 
currently not clear. Therefore, we aimed at further unravelling these differences in inhibitory 
avoidance learning by assessing differences across shock intensities and measuring whole-
body cortisol content and gene expression. We assessed whole-body cortisol content and 
studied gene expression levels in the telencephalon two hours after inhibitory avoidance. 
This sampling moment was chosen according to Morsink and colleagues (2006) [232], who 
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showed that between one and three hours a sufficient number of non-immediate early genes 
can be analysed following a challenge. We furthermore assumed that by measuring 2 hours 
after the task, differences in whole-body cortisol content and gene expression between 
groups would be closely associated with differences in inhibitory avoidance behaviour. 
In rodents, the expression of the immediate-early gene c-Fos is one such marker used to 
determine differences between treatments [159]. 
 The following genes relevant for behavioural differences [157,158] and task-related 
features such as stress, anxiety, fear and fear-conditioning [2,66,88,180,214,342,343] were 
analysed in the telencephalon: brain derived neurotropic factor (bdnf), glucocorticoid receptor-
alpha (gr-α), glucocorticoid receptor-beta (gr-β), mineralocorticoid receptor (mr), cocaine- and 
amphetamine-regulated transcript (cart4), and serotonin receptor 1ab (htr1ab). Analysis of 
telencephalic gene expression specifically, rather than of whole brain, was chosen as the 
telencephalon is involved in learning and memory and fear-conditioning (lateral and medial 
zone of the dorsal pallium [35,73,234]). When differences in inhibitory avoidance learning 
are robust this would translate to consistent differences in whole-body cortisol content and 
gene expression across shock intensity. In addition, these analyses could reveal differences 
in the stress-response or expression of genes related to shock intensity per se and provides a 
starting point for further studies on inhibitory avoidance learning in the zebrafish. 
Materials and methods
Ethical approval
Experimental procedures were approved by the ethical committee of the Radboud University 
Nijmegen (RU-DEC 2013-179) and were conducted in line with Dutch law (Wet op de 
Dierproeven 1996) and European regulations (Directive 86/609/ EEC)
Animals and housing
We used an in-house reared Tuebingen Long-Fin (TLF) zebrafish strain. Fish were a mix of 
offspring from two parental couples and hatched within the same week. At the age of six 
months, 120 animals (males and females) were pooled and randomly assigned to three 
different aquaria, each consisting of two compartments (n=18-21 fish per compartment). 
Fish were housed in groups and not individually to avoid confounding effects when 
shoaling behaviour cannot be displayed [257]. An aquarium (100x50x60cm) was separated 
in two halves by a blackened glass plate, resulting in two equally sized compartments 
(50x50x60cm). In each aquarium the water level was brought to 30cm, to realise a total 
water volume of 75 litres per compartment. Each compartment received an aeration stone 
and was provided with independent water in- and out-flow (26°C, pH 8.0); inflowing water 
had passed a biological filter. The photoperiod was kept at 12L:12D (lights on from 07:00h to 
19:00h) with feeding moments at 09:00 hour (Artemia) and 15:00 hour (TetraMin).
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Experimental groups
A total of six groups were used in the experiment. Three experimental groups were used to 
test for inhibitory avoidance and received either a 1V (n=19), 3V (n=21) or 9V (n=19) electric 
shock upon entering the black compartment. Two sham treatment groups (0V; n=20 and 
n=18) were included to control for procedural effects such as habituation to the experimental 
tank and netting [209,369]. These controls were handled similarly to the experimental 
groups, except that they did not receive a shock when entering the black compartment. 
One group was tested at the beginning of the experiment while the other was tested at the 
end. These groups did not show statistical differences (Mann-Whitney U test) in avoidance 
behaviour (latencies on day 1 (U = 128.5; p = 0.14) and day 2 (U = 156.0; p = 0.49) and data 
were therefore pooled for behavioural analyses (0V; n=38). For gene expression and whole-
body cortisol content only the first group (n=20) was used. Finally, an unexposed control 
group (n=20) was used for whole-body cortisol content and gene expression analysis. This 
group was never exposed to the inhibitory avoidance paradigm. The unexposed control 
group provided base-line values to control for possible effects caused by introduction into 
the inhibitory avoidance tank (which is a novel environment).
Inhibitory avoidance protocol
Please see the Inhibitory Avoidance Protocol (this Chapter) for details on the (I) inhibitory 
avoidance paradigm, (II) avoider and non-avoider category, (III) tissue collection and 
preparation, (IV) analysis of whole body cortisol and (V) the analysis of gene expression. The 
following (2) modifications were made for this experiment. (1) Fish were already sampled on 
day 2 of the inhibitory avoidance paradigm and (2) the voltages used varied between 0V, 1V, 
3V and 9V. For gene expression analysis the following genes were selected: cart4, gr-α, gr-β, 
mr, bdnf and htr1ab. 
Statistical analysis
Statistical analyses were performed with IBM SPSS Statistics 21 for Mac (IBM, Armonk, USA). 
Data were plotted with GraphPad Prism 5.0 for Mac (GraphPad Software Inc., La Jolla, USA)
 As we introduced a cut-off point of 180 seconds differences in latency times 
between groups were analysed with non-parametric tests: a Kruskal-Wallis test (followed 
by pair-wise comparisons) and a Mann-Whitney U-test for within group analysis between 
day 1 and day 2 as we could not individually label the fish which prevented paired analyses. 
In addition, latency times on day 1 and day 2 were analysed with trend analysis. Differences 
in the number of avoiders and non-avoiders related to the shock intensity were analysed 
with a Chi-square test (followed by pair-wise comparisons; alpha adjusted (alpha 0.05/6 
comparisons): p ≤ 0.0083) and a Chi-square test for trend. 
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Data for whole-body cortisol content and gene expression were subjected to Grubbs’ test 
for outliers (extreme studentised deviate) using a stringent criterion (p = 0.01). Changes in 
whole-body cortisol content and telencephalic gene expression were analysed using a one-
sample Student’s t-test against the unexposed control group (alpha adjusted (alpha 0.05/8 
comparisons): p ≤ 0.00625) and a two-way ANOVA with avoidance category (avoider/non-
avoider) and shock intensity (0V, 1V, 3V, 9V) as factors. To increase insight in the effects of 
avoidance learning in relation to shock per se, we also ran a two-way ANOVA excluding the 
0V group. Post-hoc testing, following significance for shock intensity, was done by Student-
Newman-Keuls (SNK) [84]. In case of a significant main effect in avoidance category or a 
significant interaction, avoidance category differences were assessed by Student’s t-test per 
shock intensity. 
 To assess interrelationships between gene expression levels and whole-body cortisol 
content we ran a Principal Component Analysis (PCA) with orthogonal rotation (varimax 
with Kaiser normalisation). In case of missing samples data were excluded list-wise. The 
number of components to retain was based on their eigenvalue (> 1) and a visual inspection 
of the scree plot. Additionally, the Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy 
and Bartlett’s test of sphericity were run to ensure that the data obeyed analysis criteria. 
Component scores were saved and used for further analysis. The component loading cut-off 
point was -0.400 or 0.400 [84].
 In all cases, significance was accepted when p ≤ 0.05 (two-tailed) unless otherwise 
stated (i.e. adjusted alpha in case of multiple comparisons).
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Inhibitory avoidance protocol
Inhibitory avoidance paradigm
Inhibitory avoidance learning was assessed between 11.00 and 13.00 hours under normal light 
conditions (approximately 400 lux; measured at the water surface). For inhibitory avoidance 
learning, a previously described protocol was used [26] with minor modifications (procedure: 
Figure 1A). In short, an aquarium (60 x 30 x 30cm; 10cm water level) was split into two equal 
compartments, separated by a manually operated sliding door (schematic overview: Figure 
1B). Surfaces of one compartment were white, while surfaces of the other compartment 
were black. Compartments were not covered by a lid. The black compartment contained two 
metal plates (covered with black sound box mesh to prevent light reflection) that covered 
two opposite walls completely. Both plates were wired to a power-source which allowed for 
3V DC to be put between the plates in the water (measured at the middle of the tank; across 
a distance of 15 cm between electrodes). Inhibitory avoidance learning was assessed for each 
fish individually (i.e. not as a group).
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FIGURE 1 | Inhibitory avoidance protocol.  (A)  Schematic 
overview  of  the  inhibitory  avoidance  paradigm. On day  1 
naïve fish receive their first shock when they enter the dark 
compartment after which they are returned to their home 
tank. The following day fish are trained for a second time 
and receive their second shock (i) upon entering the dark 
compartment voluntarily or (ii) after they are placed in the 
dark compartment after 180 seconds of avoidance. Fish are 
once more placed within their home tank. On the third day fish 
are not give a shock. Instead fish are classified as (i) avoiders 
(>180s); (ii) semi-avoiders (60-180s) or (iii) non-avoiders 
(<60s) and placed in holding tanks. Two hours after testing fish 
are sacrificed and sampled for (i) the telencephalon for gene 
expression and (ii) whole-body cortisol measurement. (B) Schematic overview of the glass inhibitory avoidance tank 
(60 x 30 x 30 cm). The two compartments were created by covering the bottom, the walls, and the corresponding 
side of the sliding door with black or white self- adhesive plastic film. Two electrode plates, camouflaged with black 
sound box mesh, covered the two opposing walls in the black compartment. An electric (1, 3, or 9 V) shock could be 
applied via a manually operated electric stimulator.
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On day 1 a fish was placed in the white compartment with the sliding door closed. After 60 
seconds of acclimation the sliding door was lifted, giving the fish free access to the black 
compartment. As is their natural tendency, zebrafish will readily enter the black compartment 
when given this option [321]. Once the fish had completely entered the black compartment 
the sliding door was closed and an electric shock (3V DC) given for 5 seconds after which the 
fish was returned to its home tank. Fish that would not enter the black compartment within 
180 seconds were excluded from further experimentation. For each fish the latency time to 
enter the black compartment was recorded. Higher latencies indicate that animals are less 
anxious in the white compartment.
 On day 2 the procedure was repeated. Once the sliding door was opened after 60 
seconds, the fish was given 180 seconds to make a choice to enter the black compartment or 
not. When the fish entered the black compartment within this time-window, a second shock 
was given. Fish that did not enter within 180 seconds were carefully driven into the black 
compartment with a small net and then received a second shock. This was done to give all 
fish the same number of shocks. For each fish the latency to enter the black compartment 
was recorded. Higher latencies are indicative for increased avoidance learning.
 On day 3 fish were again placed within the white compartment. After 60 seconds 
the sliding door was opened and the fish were given 180 seconds a choice to enter or not to 
enter the black compartment. This time, when the fish entered the black compartment no 
shock was given and fish that did not enter within 180 seconds were not driven into the black 
compartment. Then, fish were taken out of the experiment to be euthanised two hours after 
the test. For each subject the latency to enter the black compartment was recorded. Higher 
latencies are indicative for increased avoidance learning.
 Operation of the sliding door was done manually and visual observations were done 
in real-time and recorded on-site. Recording of the latency time was done by hand using a 
stopwatch. One experimenter (RM) recorded all latencies. All procedures were carried out in 
a manner that caused the least possible disturbance of fish during the experiment.
Tissue collection and preparation
Tissues were collected two hours after the test [198]. Not all fish were used for whole-body 
cortisol content and gene expression analysis, as some were used for other purposes (e.g. 
in-situ hybridisation; not reported here). For each group 8-10 fish were randomly taken. Time 
of sampling was chosen based on a study by Morsink and colleagues [232], showing that 
between one and three hours post-challenge a sufficient number of non-immediate early 
genes respond. Anaesthesia was given by placing fish from each group in water containing 
2-phenoxyethanol (0.1% v/v). Once deeply anaesthetised, the telencephalon was dissected 
out, snap-frozen in liquid nitrogen and stored at -80 °C until further analysis. The remains 
of the fish were collected and stored at -80 °C until whole-body cortisol content analysis.
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Whole-body cortisol content
To evaluate stress levels as a result of the UCS protocol followed by the inhibitory avoidance 
paradigm, we assessed whole-body cortisol content. Zebrafish (previously stored at -80 °C; 
section 2.6) were thawed on ice and homogenised individually in 1 ml PBS (80mM Na2HPO4, 
20mM NaH2PO4, 100mM NaCl; pH=7.4) with a microblender. The homogenate was then 
mixed with 4 ml methanol (J.T. Baker, Deventer, the Netherlands) and left at 4°C for 1 hour. 
Subsequently, the mixture was centrifuged (4°C, 3000 x g, 5 min) and the supernatant was 
collected. The pellet was resuspended in 4 ml methanol and left at 4°C for 30 minutes 
followed by centrifugation and collection of the supernatant (this step was repeated 
twice). The collected methanol (16 ml) was evaporated under N2-gas, leaving a residue film 
containing steroids, which was reconstituted in 200 μl radioimmunoassay buffer (100 mM 
Tris, 0.9% NaCl, 0.1% 8-anilino-1-naphthalenesulfonic acid, 0.02% NaN3)
 Cortisol was measured as previously described by Gorissen and colleagues [97]. 
Briefly, 96-well microtiter plates were coated with mouse monoclonal [XM210] cortisol-
antibodies (Abcam, Cambridge, MA, USA) in coating buffer. Plates were cleared of coating 
buffer and washed before blocking possible non-specific binding sites with blocking buffer. 
Wells were cleared of blocking buffer and 10 µl of standard or sample, together with 90 
µl of 3H-cortisol tracer, was added to designated wells. Nonspecifics received assay buffer 
(10 μl) and tracer only. After the incubation period wells were cleared and washed before 
scintillation liquid was added and radioactivity measured with a β-counter (detection limit: 4 
ng/ml; inter-assay VC: 12.5 % and intra-assay VC: 2.5 %). Cross reactivity with other relevant 
steroids was considered insignificant (less than 1% at 50% cortisol saturation).
Gene expression analysis
Genes analysed were bdnf, pcna, neurod, cart4, cnr1, crf, crf-bp, gr-α, gr-β, mr, avp and oxt. Two 
internal standards [ribosomal protein L13 (rpl13) and elongation factor 1α (elf1α)] were used 
for normalisation. Primer sequences and gene accession numbers are shown in Table 3. We 
included an overview of the reported functions of these genes in stress, anxiety and learning. 
In addition we made a distinction between the medial zone of the dorsal telencephalon (Dm; 
the amygdala in mammals; Table 1) and then lateral zone of the dorsal telencephalon (Dl; 
the hippocampus in mammals; Table 2) and categorised their global role in either stress, 
emotion or learning.
 Total RNA was isolated using Trizol (Invitrogen, Carlsbad, USA) according 
to the manufacturer’s instructions including an additional precipitation step with 
ethanol and sodium acetate. RNA concentration and purity was measured by nanodrop 
spectrophotometry. Genomic DNA was removed by treatment with DNase I (Invitrogen) as 
follows: 1 μl of DNase I (1 U/μl) and 1 μl DNase I reaction buffer (10x) were added to 8 μl total 
RNA (500 ng) and incubated in a total volume of 10 μl at room temperature for 15 min. 
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Ventral Pallium (homologue to the Amygdala)
Category Gene Function Reference
Emotion
cnr1
Involved in pain perception. Cannabinoids have differential effects on the sensory 
(intensity and quality) versus affective (pleasant and suffering) components of pain. 
Activation of the amygdala by cannabinoids increases the pain threshold under 
physiological conditions and preventing the activation of CB1 (via an antagonist) 
reduces it.
[86,104,366]
cart4
CART peptides release neurotransmitters involved in nociception and dependent on 
their location increase or decrease sensitivity. [15]
Higher levels of CART peptide in the amygdala increase the response to acute 
predator exposure (but not chronic exposure) in rats. [342]
htr1ab
Serotonin plays a role in all steps of learning and memory formation and is involved in 
information processing within the amygdala via activation of HTR1a. [221]
Lower levels of serotonin increase conditioned fear learning, but decrease 
unconditioned anxiety. [336]
mr MR is involved in appraisal of a situation and response selection. [117]
Stress
crf
Pre-training and Post-training infusion of CRF in the lateral amygdala suppresses 
learning, while infusion of CRF 48 hours after training (but prior to testing) enhances 
performance.
[1,131]
CRF antagonists infused in the BLA disrupt contextual fear conditioning and impair 
memory formation in an inhibitory avoidance task [123,285]
crf-bp
CRF-BP inhibits activation of CRF receptors by binding circulating CRF peptides. Post 
training infusion with CRF-BP ligand inhibitors release CRF and enhance inhibitory 
avoidance retention. It is proposed that freeing endogenous CRF from CRF-BP has 
less side effects (i.e. hunger or fear) compared to direct infusion with CRF. 
[113,200,285]
bdnf Chronic restraint stress increases BDNF in the amygdala, which increases dendritic spine density [22]
Plasticity bdnf
Phosphorylated CREB increased BDNF in the amygdala which contributes to fear 
memory consolidation. [230]
The initial physiological event during fear conditioning is linked to BDNF as it 
modulates synaptic plasticity that could lead to restructuring of synapses in the lateral 
amygdala.
[251]
TABLE 1 | Category of genes in the medial zone of the dorsal telencephalon (Dm)
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Medial Pallium (homologue to the hippocampus).
Category Gene Function Reference
Stress
mr
MR activation increases BDNF expression in the hippocampus and enhances brain 
activity. For learning the MR/GR ratio of activation is crucial. [22,66,135]
gr-β GR-β acts as a decoy receptor and inhibits the activation of GR-α and possibly also MR (dependent on afﬁnity differences). [298]
gr-α
Learning of a traumatic event leads to the activation of glucocorticoid receptors. This 
activation leads to a decrease in BDNF expression in the CA areas of the 
hippocampus, but leads to an increase in the dentate gyrus. Over-activation of the GR 
results in long-term depression
[22,51,66]
bdnf Chronic restrain stress reduces BDNF in the hippocampus (CA3 region), leading to reduced dendritic spine density. [22]
crf CRF enhances memory formation via activation of CRF-R1 [268,269]
crf-bp CRF-BP inhibits activation of the CRF-mediated activation of CRF receptors [200]
htr1ab
Activation of the serotonin receptor modulates the retrieval and storage of memories [220]
Hipp: Activation of the serotonin receptor before training reduces learning 
performance. Enthorinal (area between hippocampus and neocortex, acts as a hub 
for memory) Activation of the serotonin receptor after training reduces short term 
memory, but not long term memory in inhibitory avoidance. Activation of the serotonin 
receptor before testing has no effect on short or long term memory.
[221]
cnr1 During periods of stress CB1R is down-regulated in the hippocampus, while it is upregulated during the recovery period. [176]
Plasticty
cnr1
Activation of the CB1receptor leads to short-term or long-term depression, i.e. reduced 
plasticity, depending on the duration of activation. Ca2+ inﬂux into a neuron releases 
endocannoboids which then activate CB1, thus CB1 activation is (partially) dependent 
on Ca2+ inﬂux. 
[52]
CB1R knockout mice show reduced BDNF expression in the hippocampus (but not 
amygdala). [22]
cart4
In the Hippocampus CART induces the inﬂux of Ca2+ into a neuron. [373]
CART peptides also stimulate the expression of BDNF [370]
bdnf
BDNF causes membrane depolarisation of hippocampal neurons, leading to the ﬁring 
of an action potential. It also promotes neurogenesis, synaptic plasticity and cell 
survival.
[60,210]
BDNF signaling enhances long-term potentiation, while pro-BDNF promotes NMDA-
dependant long-term depression. The BDNF/proBDNF ratio appears crucial. [60,210,251]
htr1ab Serotonin promotes the expression of bdnf [210]
pcna
Decreased cognition is associated with decreased PCNA in the hippocampus [380]
PCNA is involved in many cellular processes, including cell proliferation and DNA 
repair. [227]
neurod
NeuroD is required for neurogenesis in the hippocampus at an adult life stage/ [226]
NeuroD is expressed in cells undergoing neuronal differentiation and rapidly increases 
a cell’s development into a neuron. [174]
TABLE 2 | Category of genes in the lateral zone of the dorsal telencephalon (Dl).
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Subsequently, DNase was inactivated by addition of 1  μl EDTA (25  mM) and incubation 
for 10 min at 65 °C. Next, each sample received 1 μl random primers (250 ng/μl), 4 μl First 
Strand buffer (5x), 1 μl dNTP mix (10 mM), 1 μl DTT (0.1 M), 1 μl RNaseOUT (10 U) and 0.5 μl 
Superscript II Reverse Transcriptase (100 U/μl) (all from Invitrogen) and incubated at 25 °C 
for 10 minutes, followed by 50 min at 42 °C and finally 15 min at 70 °C. 
Afterwards, cDNA was diluted 5 times with ultra-pure water and stored at -20 °C until 
analysis. Relative gene expression was assessed by real-time qPCR. Briefly, 4 μl of cDNA was 
used as template in a reaction with 10 μl iQ SYBR Green Supermix (BioRad, Hercules, USA), 
0.8 μl forward and reverse primer each (10 μM; Table 1) and 4.4 μl ultra-pure water. qPCR 
(3 min 95 °C, 40 cycles of 15 sec 95 °C and 1 min 60 °C) was carried out on a CFX 96 (BioRad) 
qPCR machine. Data were analysed with the ‘ΔΔCt-method’, corrected for primer efficiency 
and normalised for two housing keeping genes according to Vandesompele and colleagues 
[351].
 As the ratio of mr/gr-α has been used as an indicator for the stress-load of subjects 
[66,189], we calculated this ratio from the gene-expressions using the normalised (i.e. non-
relative) expression levels. We also calculated the gr-β/gr-α ratio as this may indicate the 
extent to which the expression of the different isoforms of gr changes as a function of stress-
load [325]. 
Elongation factor 1-alpha (elf1α); ribosomal protein L13 (rpl13); brain derived neurotrophic factor 
(bdnf);;proliferating cell nuclear antigen (pcna); neurogenic differentiation (neurod); cocaine and amphetamine 
regulated transcript (cart4); cannabinoid receptor 1 (cnr1); serotonin receptor 1ab (htr1ab); corticotropin 
releasing factor (crf); corticotropin releasing factor-binding protein (crf-bp); mineralocorticoid receptor (mr); 
glucocorticoid receptor–alpha (gr-α); glucocorticoid receptor-beta (gr-β); vasopressin (avp); oxytocin (oxt).
Gene Accession Number Forward primer Reverse primer
elf1α AY422992 CTGGAGGCCAGCTCAAACAT TCAAGAAGAGTAGTACCGCTAGCATTAC
rpl13 NM_212784 TCTGGAGGACTGTAAGAGGTATGC AGACGCACAATCTTGAGAGCAG
bdnf NM_131595 AGAGCGGACGAATATCGCAG GTTGGAACTTTACTGTCCAGTCG
pcna AF140608.1 AAGGAGGATGAAGCGGTAACAAT GTCTTGGACAGAGGAGTGGC
neurod AF036148.1 TCCCTACTCCTACCAGACGC CAGTCTGTGAGGGTGGTGTC
cart4 NM_001082932 GCTGAGGCACTCGATGAACT GAAGAAAGTGTTGCAGGCGG
cnr1 NM_212820 TACATCCTCTGGAAGGCCCA GGGGGTCTGCACCTTTGTG
htr1ab NM_001145766 GGACATTAAAACGCGCTGCT ATGCAAGTCTTGGGTTGAGACT
crf BC164878 CGAGACATCCCAGTATCCAAAAAG TCCAACAGACGCTGCGTTAA
crf-bp NM_001003459 ACAATGATCTCAAGAGGTCCAT CCACCAAGAAGCTCAACAAA
gr-α EF436284.1 ACTCCATGCACGACTTGGTG GCATTTCGGGAAACTCCACG
gr-β EF436285.1 GATGAACTACGAATGTCTTA GCAACAGACAGCCAGACAGCTCACT
mr NM_001100403 CTTCCAGGTTTCCGCAGTCTAC GGAGGAGAGACACATCCAGGAAT
avp NM_178293 TCTGCTGCGTCTGCTCAATC TACAAAAGTGGGTGGCGAGT 
oxt NM_178291 CTGCAGCTGTCAATCAACCG GCA TTTCGGGAAACTCCACG 
TABLE 3 | Nucleotide sequences of the forward and reverse primers used for qPCR. Shows the 
abbreviated name given to the gene, its accession number, the forward primer and reverse primer sequences.
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Results
General observations
No weight differences were observed between groups (mean (±S.D.) weight: 0.527(±0.026) 
gram; n=120). No animals were removed from the experiment for not entering the black 
compartment on day 1. Although not quantified, visual observation during the experiment 
suggested that individuals within a group responded similarly to a given electric shock. 
However, between shock intensities differences in behavioural responses were observed. 
At 1V almost no change in behaviour was observed when the shock was given. At 3V fish 
showed a strong response to the shock, displaying erratic movements, seeking escape routes 
and in some cases even jumping (partially) out of the water. At 9V behavioural responses 
were similar to those observed at 3V, but some individuals showed loss of muscle control, 
i.e. stopped swimming transiently and lost equilibrium. Once the electric pulse stopped, fish 
immediately continued to swim normally again. 
 Although not quantified, visual observation during the experiment suggested that 
avoiders and non-avoiders from all groups showed normal swimming behaviour on day 1 
(before shock) and day 2 (after a single shock) in the white compartment before the sliding 
door was opened after 60 seconds. We did not observe any abnormal behaviour or periods of 
freezing behaviour [144] on any of the test days.
Group Latencies
To assess inhibitory avoidance learning, latency times of fish were recorded on day 1 (before 
shock) and on day 2 (after shock; Figure 2A). All fish entered the black compartment within 
60 seconds on day 1, except for four fish in the 0V group and one fish in the 1V group. Median 
values of groups ranged from 6 to 12 seconds. No significant differences were found between 
groups. 
 Except for the 0V group, median latencies of all groups significantly increased on 
day 2 compared to day 1: 1V (U = 78, p = 0.0026), 3V (U = 84, p = 0.0006) and 9V (U = 19.50, 
p < 0.0001). Median latencies of groups on day 2 ranged from 10 to 180 seconds and were 
significantly different between shock conditions (H(3)=20.850, p < 0.0001). Post-hoc analysis 
revealed a significant difference between the 0V and 9V group (p < 0.0001). A significant 
linear trend in median latency was observed across shock intensities (p = 0.007)
Avoider and non-avoider fish
We clearly observed behavioural differences between fish regarding their latencies of entering 
the black compartment. As can be seen in Figure 2A, fish showed latencies either larger than 
or equal to 180 seconds, or smaller than 60 seconds, regardless of treatment. One fish in the 
0V group (latency time of 68 seconds) was considered a semi-avoider and excluded from 
further analysis.
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FIGURE 2 | Latency and avoider/non-avoider distribution. 
(A) Comparison of latencies (in seconds) to enter the black 
compartment of fish trained with a 0V(open triangles), 1V (black 
dots), 3V(open squares) or 9V(closed triangles) electric shock. 
Data are presented as individual latencies (single dots) as well 
as group medians (black bar). Day 1 shows the initial latencies 
recorded without training, whereas day 2 shows the latencies 
after a single shock. Dotted lines indicate the 60 second and 180 
second threshold. Capital letters above groups indicate significant 
differences assessed by a Mann-Whitney U-test: groups that do 
not share corresponding letters are significantly different from 
each other (p ≤ 0.0083). Asterisks (p ≤ 0.01 (**) and p ≤ 0.001 
(***)) indicate a significant increase in latency from day 1 to day 
2 within a single treatment. (B) Comparison of the percentage 
of avoider (white), semi-avoider (grey) and non-avoider (black) 
individuals in the different groups on day 2. Capital letters above 
groups indicate significant differences assessed by a Chi-square 
test (excluding the single semi-avoider fish): groups that not share corresponding letters are significantly different 
from each other (p ≤ 0.0083). Note that the numbers listed in the white and black part of the bars represent 
the number of avoider and non-avoider fish in each group and not the percentage of fish. n= the number of fish.
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In the 0V group we observed 4 avoider fish (10%). When the intensity of the shock increased 
from 0V to 9V, the number of avoider fish increased as well (Figure 2B). A Chi-square 
analysis revealed significant differences in the ratio of avoider/non-avoider fish across shock 
conditions. (χ2 = 18.78 ; df = 3 ; p = 0.0003) and we observed a significant difference between 
the 0V and 9V group (χ2 = 18.42 ; df = 3 ; p = 0.0006) In addition, a Chi-square test for 
trend across groups showed a significant trend across shock intensity (χ2 = 18.42 ; df = 1 ; p < 
0.0001).
Whole-body cortisol content
Figure 3 shows the whole-body cortisol content in avoider and non-avoider fish in the 
different shock groups (the figure excludes two outliers: a 0V non-avoider (13.73 ng/g body 
weight) and a 3V non-avoider (6.41 ng/g body weight)). Compared to unexposed controls 
non-avoider animals in 1V and 9V groups had significantly lower whole-body cortisol 
content. Subsequently, a two-way ANOVA (shock intensities and avoider category) revealed 
no significant effects when the 0V group was included. Analysis across shock-treated groups 
(1V, 3V and 9V) revealed significant differences between avoiders and non-avoiders (F(2,44) 
= 4.212 ; p = 0.02). Post-hoc analysis showed that avoiders had a higher whole-body cortisol 
content than non-avoiders in the 1 V and 9V, but not 3V condition. We observed a significant 
effect of shock intensities (F(1,44) = 11.84 ; p = 0.001). Post hoc analysis showed that the 3V 
group had a higher whole-body cortisol content than the 1V group and 9V group. 
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FIGURE 3 | Comparison of the whole-body cortisol content. Unexposed controls are indicated with a grey 
bar and handled fish are split in avoider (white bars) and non-avoider (black bars) in the different groups 2 hours 
post inhibitory avoidance on day 2. The light grey box serves as a quick indicator for groups that did not receive 
a shock. Bars represent group means plus the standard deviation (S.D.). Capital letters above groups indicate 
significant differences assessed by a two-way ANOVA (bracket indicates the groups included in the analysis): groups 
that not share corresponding letters are significantly different from each other (p ≤ 0.05). Significant differences 
following post-hoc analysis (SNK) are shown as p ≤ 0.01 (**) and p ≤ 0.001 (***). Significant differences compared 
to unexposed controls (grey) were assed by a one-sample Student’s t-test and marked by a hash-tag (#; p ≤ 
0.00625). The numbers listed in the bars represent the number of fish in each group, not the percentage of fish.
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Exploratory genetics 
Figure 4 shows the relative expression levels of the different genes, where the figures 
exclude the following three outliers: for cart4 a 3V avoider (normalised expression: 1.32), for 
gr-α a 9V avoider (normalised expression 2.03) and for bdnf a 1V non-avoider (normalised 
expression: 1.19). Figure 4A: Non-avoiders and avoiders in the 3V group had significantly 
lower cart4 expression levels compared to the expression level in the unexposed control 
group. Post-hoc testing, following a significant main effect for shock intensity (F(3,60) 
= 4.094 ; p = 0.01), showed that the expression level in the 3V group was lower than the 
expression levels in the 0V, 1V and 9V groups. Furthermore, we found a significant interaction 
between the avoidance and shock intensity category (F(3,60) = 2.889 ; p = 0.04). Post-hoc 
analysis revealed significant differences between the expression levels in avoiders and non-
avoiders in the 3V group. In addition, post-hoc testing following a significant main effect 
for shock intensity excluding the 0V group (F(2,43) = 7.086 ; p = 0.002) showed that the 
expression level in the 3V group was lower than the expression levels in the 1V and 9V groups. 
Figure 4B: Non-avoiders and avoiders in the 9V group had significantly lower gr-α expression 
levels compared to the expression level in the unexposed control group. Post-hoc testing, 
following a significant main effect for shock intensity (F(3,60) = 10.929 ; p < 0.0001), showed 
that there were no differences between groups that received a shock (1V, 3V and 9V) and that 
the expression levels in these groups were lower than the expression level in the 0V group. 
We also observed a significant main effect for avoidance category (F(1,60) = 5.002 ; p = 0.03) 
and a significant interaction (F(3,60) = 3.047 ; p = 0.04). Post-hoc analysis did not reveal 
significant differences between avoiders and non-avoiders for any given shock intensity. 
When excluding the 0V group from analysis, we observed a significant main effect of shock 
intensity (F(2,43) = 3.773 ; p = 0.03). Post-hoc testing did not reveal significant differences 
between groups (SNK: p = 0.055). In addition, a significant interaction was observed (F(2,43) 
= 3.321 ; p = 0.05). Post-hoc analysis did not reveal significant differences between avoiders 
and non-avoiders for any given shock intensity. Figure 4C: Non-avoiders in the 1V group 
and avoiders and non-avoiders in the 9V group had significantly lower mr expression levels 
compared to the unexposed control group. Post-hoc testing, following a significant main 
effect for shock intensity (F(3,61) = 13.502 ; p < 0.0001), showed that there were no differences 
between groups that received a shock (1V, 3V and 9V), while the expression levels in the 1V 
and 9V groups, but not the 3V group, were lower than the expression in the 0V group. In 
addition, post-hoc testing following a significant main effect for shock intensity excluding 
the 0V group (F(2,44) = 12.147 ; p < 0.0001) showed that the expression levels in the 1V and 
9V groups were lower than the expression level of the 3V group. Figure 4D: Avoiders in 
the 1V group and in the 9V group had significantly lower gr-β expression levels compared 
to unexposed controls. No other significant differences were observed for expression of 
gr-β across shock intensities and avoider category. Figure 4E: We observed no significant 
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differences for expression levels of bdnf across shock intensities and avoider category. Figure 
4F: Avoiders in the 9V group had significantly higher htr1ab expression levels compared to the 
expression level in the unexposed control group. No other statistically significant differences 
were observed for htr1ab expression across shock intensities and avoider category.
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FIGURE 4 | Comparison of the telencephalic gene expression. The light grey box serves as a quick indicator for 
groups that did not receive a shock. Bars represent group means plus the standard deviation (S.D.). Capital letters 
above groups indicate significant differences assessed by a two-way ANOVA (bracket indicates the groups included in 
the analysis): groups that not share corresponding letters are significantly different from each other (p ≤ 0.05). Signif-
icant differences following post-hoc analysis (SNK) are shown as p ≤ 0.05 (*) and p ≤ 0.01 (**). Significant differences 
compared to unexposed controls (grey) were assed by a one-sample Student’s t-test and marked by a hash-tag (#; 
p ≤ 0.00625). The numbers listed in the bars represent the number of fish in each group, not the percentage of fish. 
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Principal component analysis (PCA)
We performed a PCA across groups that received a shock only (1V, 3V and 9V), as the gene 
expression data in Figure 4 showed the 0V group to be different from these groups. Although 
the KMO measure was moderate for this dataset (KMO = 0.568); the Bartlett’s test of 
sphericity indicated that the correlations between items were sufficiently large for PCA (χ2 = 
56.484 ; df = 21 ; p < 0.0001). We extracted three components, explaining 69.64% of variance 
(Table 4): cart4, gr-α and mr loaded strongly on Component 1; bdnf and gr-β loaded strongly 
on Component 2; htr1ab and whole-body cortisol content loaded strongly on Component 3. 
To assess the overall effect of these components, we ran two-way ANOVA analyses (with 
avoidance and shock intensity as categories) across these three different components. This 
revealed a significant main effect for shock intensity in Component 1 (F(1,35) = 11.733 ; p < 
0.0001). Post-hoc testing revealed that the component scores of the 1V, 3V and 9V group 
differed from one another. No statistical difference in the avoider category was observed. 
For Component 2 a weak main effect for avoidance category (higher scores for non-avoiders) 
was observed (F(1,35) = 3.461 ; p = 0.07). No statistical difference was observed for shock 
intensity. For Component 3 only a weak main effect for the avoidance category (higher scores 
for non-avoiders) was observed (F(1,35) = 2.773 ; p = 0.10). No other statistically significant 
differences were observed.
variable
Component 1 
(28.94%)
Component 2 
(26.05%)
Component 3 
(14.65%)
cart4 -0.753 -0.334 0.069
gr-α 0.788 -0.109 0.011
mr 0.858 -0.220 -0.050
gr-β -0.046 0.912 0.012
bdnf -0.025 0.829 0.242
htr1ab 0.095 -0.036 0.866
cortisol 0.094 -0.280 -0.586
TABLE 4 | Variables loaded onto Components by a principal 
component analysis (PCA). Scores larger than 0.400 or smaller 
than -0.400 were accepted for loading onto a component and are 
shown in black. This resulted in the loading of cart4, gr-α and mr onto 
Component 1; the loading of gr-β and bdnf onto Component 2; and the 
loading of htr1ab and whole-body cortisol content onto Component 3.
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Discussion 
In this study we show that (i) higher shock intensities increased median latencies and the 
percentage of avoider fish in a group; (ii) whole-body cortisol content and the expression of 
cart4, gr-α and mr are associated with shock intensity; and (iii) whole-body cortisol content 
is associated with differences in inhibitory avoidance behaviour. 
Inhibitory avoidance learning
In line with our prediction, the 0V shock condition did not lead to an overall increase in 
the median latency on day 2 compared to day 1. This shows that the handling procedure 
and exposure to the inhibitory avoidance tank do not contribute to the observed inhibitory 
avoidance behaviour in the other groups (1V, 3V and 9V). Yet, a small percentage of fish in the 
0V group did avoid the black compartment on day 2, even though they had not received a 
shock on day 1. Possibly these individuals associated netting, a stressful [127] and a negative 
experience that fish will try to avoid [270], with the black compartment and therefore 
avoided it. In contrast to groups that did receive a shock, no differences between avoiders 
and non-avoiders were found in whole-body cortisol content and gene-expression levels 
in the 0V group. Accordingly the behavioural differences between the fish in the 0V group 
may be different from the behavioural differences between fish in the groups that received 
a shock. Whether these findings in the 0V group truly reflect behavioural differences under 
this condition awaits further studies. 
 In all groups that received a shock we observed a significant increase in median 
latencies on day 2 compared to day 1. Regarding the effect of 3V we hereby successfully 
reproduced results of earlier studies [26,241,263]. Although in all experiments the mean 
latency to enter the black compartment increased after a single trial using a 3V shock, these 
latencies did vary. Whereas Blank and colleagues [26], Piato and colleagues [263] and Ng 
and colleagues [241] reported mean latencies of 150 seconds, 50 seconds and 90 seconds 
respectively, we observed a mean latency of 65 seconds (calculated from data presented 
in Figure 2A). These differences in mean latencies may be related to environmental and/
or strain differences, as these factors greatly affect the outcome of behavioural studies 
[195,277,348]. 
 In addition to the replication of earlier findings [26,241,263], we extend the data of 
these studies by increasing and decreasing shock intensities and assessing effects on whole-
body cortisol content and telencephalic gene-expression. As predicted, with increasing shock 
intensity the median latencies and the percentage of fish in a group that avoid entering the 
black compartment on day 2 increased. After the strongest shock (9V) we still observed fish 
that did not avoid the black compartment. This observation may be directly related to the 
impact of the given shock. On-site observations (not further quantified) indicated that 9V 
had a strong immediate impact on the fish: some fish, when exposed to the 9V shock, lost 
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control over their ability to keep equilibrium. We suggest that the loss of equilibrium is a 
physical result to the 9V shock, i.e. temporary paralysis, as no tonic-clonic cramps followed 
by a phase of exhaustion were observed which is indicative for loss of consciousness induced 
by electricity. When the shock was terminated, fish immediately resumed to swim normally: 
loss of equilibrium only occurred during the shock, not thereafter. We did not observe any 
abnormal behaviour or freezing on the next day when fish were in the white compartment 
before the sliding door was opened. Unfortunately, we were unable to link individual 
responses when receiving the shock to (acquired) avoidance behaviour as we were unable to 
distinguish individual fish. Therefore, we are not able to relate loss of equilibrium during the 
shock with avoidance behaviour on the next day. 
 While median latencies and the number of avoider fish show a linear increase from 
1V to 9V neither whole-body cortisol content nor the gene-expression levels do follow such 
a pattern. The expression levels of bdnf, gr-α, gr-β and htr1ab were not different between 
groups that received a shock (1V, 3V and 9V). In contrast, expression levels of mr were higher 
and of cart4 lower in the 3V group compared to the 1V and 9V groups. Only in the case 
of gr-α did we see a difference in expression level of all shocked groups compared to the 
expression levels in the 0V group. PCA revealed that cart4, gr-α and mr were loaded onto 
the same component. The observed loading of gr-α and mr onto one component may be 
explained by their involvement in learning and memory. Where the MR is involved in the 
initial phase of memory, appraisal of information and response selection, the GR is involved 
in consolidation [47,117,188,384]. Under basal conditions the MR is almost fully occupied, as 
its affinity for cortisol is higher than that of the GR. This could explain why the expression of 
mr and the levels of whole-body cortisol content have a similar pattern across groups that 
received a shock[274]. Still, PCA showed that whole-body cortisol content was loaded onto a 
component with htr1ab. This could be due to the fact that whole-body cortisol content was 
also associated with avoidance differences. 
  The differences between the 3V group on one hand and the 1V and 9V groups on the 
other may be related to the conflict between innate anxiety (entering the dark compartment) 
and acquired fear for the dark compartment (avoidance of the dark compartment). While at 
1V the innate response may dominate, as the shock is relatively mild, at 9V the avoidance 
response may dominate, as the shock appeared strong. So, in both cases the outcome of 
the conflict is clear. At 3V there might be a stronger conflict between the two opposing 
tendencies, leading to different dynamics in the expression of genes and whole-body cortisol 
content. As we only measured at a single time-point, we can only speculate on this.
Avoider and non-avoider behaviour
We also further extended findings of earlier studies by assessing avoider and non-avoider 
differences in inhibitory avoidance behaviour and underlying whole-body cortisol content 
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and gene expression profiles [191]. Here, we observed two distinct behavioural types in the 
groups that received a shock [196]: fish that did not enter the black compartment (latencies 
≥180 seconds), i.e. avoider fish; and fish that entered the black compartment (latencies <60 
seconds), i.e. non-avoider fish. It is unclear whether such observations were also made by 
Blank and colleagues [26], Piato and colleagues [263] and Ng and colleagues [241] as they 
did not report on behavioural differences, or the lack thereof, in their findings. However, our 
observed differences in avoidance behaviour are in line with many studies that have shown 
behavioural differences in relation to performance in challenging tasks for both rodents 
[157,160] and fish [31,55,129,335,389]
 In the groups that received a shock, avoider fish had overall higher whole-body 
cortisol content than non-avoider fish (notably in the 1V and 9V conditions). Classically, 
differences related to coping styles suggest that reactive subjects (who quickly adjust to 
new situations through interaction with the environment) have higher levels of cortisol in 
relation to challenges, while proactive subjects (who slowly adjust to new situations and 
respond by habits independently of the environment) have lower levels [157,158]. Here, 
adjustments in behaviour would amount to overruling innate behaviour in favour of a new 
behavioural response in relation to having received a shock (avoidance learning). From this 
perspective, avoiders could be considered to be reactive subjects, while non-avoiders could 
be considered to be proactive subjects. Recently, the role of differences in serotonin (5-HT) 
levels have become more important in discriminating between reactive and proactive coping 
styles [157,158,390]: reactive subjects have higher levels of 5-HT (associated with lower levels 
of the 5-HT1a receptor) and proactive subjects lower levels (associated with higher levels of 
the 5-HT1a receptor). While we have not observed convincing evidence to support this in our 
data, the fact that whole-body cortisol content and htr1ab load onto the same component 
in PCA, may suggest the involvement of htr1ab in behavioural differences in zebrafish. 
Although not significantly, htr1ab showed a weak interaction between the avoidance and 
shock intensity categories (F(2,44) = 2.816; p = 0.07); clearly suggesting that future studies 
addressing this topic seem warranted.
 At the level of gene-expression, small differences between avoiders and non-
avoiders were observed for cart4 (only higher in avoiders in the 3V group). In rodents up-
regulation of Cart leads to intensified fear [147] and higher levels of Cart have been associated 
with enhanced learning and memory [343,373]. This is similar to what we observed in our 
avoider fish. In addition, we observed small differences between avoiders and non-avoiders 
in Component 2 (gr-β and bdnf) from the PCA. That the component on which bdnf loads 
is associated with avoidance behaviour could be related to the role of BDNF in memory 
consolidation [230,304]. The role of GR-β in avoidance behaviour, learning and memory is 
unclear and requires further study.
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While it is tempting to relate the avoider and non-avoider differences observed here to 
reactive and proactive coping styles [56,157,158], the data do not yet allow for an unequivocal 
interpretation in that direction. However, when these observations hold we should find 
similar results when we select fish on coping style [338] before testing them in the inhibitory 
avoidance paradigm. Future studies in our laboratory are directed at this. 
Limitations
A number of limitations of this study need to be discussed. First, we only administered 
one shock to the fish, thereby effectively studying ‘one-trial learning’, which may limit the 
discriminative power of the task. It has been reported that increasing the number of training 
sessions may improve the performance of zebrafish in learning tasks [9,365]. We therefore 
recently added a second shock to the protocol and observed an increase in learning and higher 
discriminative power between treatments [196]. Second, we did not tag/mark or house fish 
individually, which hampers correlation between behaviour and physiology/gene-expression. 
While housing zebrafish individually is stressful [257], tagging or marking could be an option 
in future studies [57]. Third, we have only used latencies to enter the black compartment as 
behavioural read-out. However, video-recordings of behaviour of fish during the 60 seconds 
before lifting the sliding door and in the period of choosing to enter the black compartment or 
not (max 180 seconds) allows for more fine-grained behaviour analysis afterwards. This will 
more precisely reveal behavioural differences in relation to intensities and between subjects. 
In our current experiments we are applying this methodology. Fourth, our study did not aim 
to optimize the time point of sampling to detect effects of inhibitory avoidance learning on 
whole-body cortisol content and gene expression. We therefore only measured whole-body 
cortisol and gene expression levels at a single time-point, i.e. two hours following inhibitory 
avoidance. This time-window was chosen based on a study by Morsink and colleagues (2006) 
[232], who showed that between one and three hours following a challenge, difference in a 
sufficient number of genes can be analysed. Two hours is beyond the expression of immediate 
early genes, in which we were not interested. However, future studies may examine different 
time-points to more precisely assess the dynamics of cortisol and gene-expression following 
behavioural testing. This could also be combined with analyses of different regions in the 
telencephalon rather than the whole telencephalon [8]. 
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Concluding remarks
We show that an inhibitory avoidance paradigm in combination with the analyses of whole-
body cortisol content and the expression of genes in the telencephalon is suitable to study 
avoidance learning related to intensities (conflict between innate and acquired behaviour) 
and differences between subjects (coping styles). Our data serve as starting point for 
further unravelling individual differences in brain-behaviour relationships underlying (fear 
avoidance) learning and memory in zebrafish.
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Abstract
In our experiments using the inhibitory avoidance paradigm we observed strong individual 
differences in the Tupfel Longfin (TL) zebrafish strain. In Chapter 4 we focussed on differences 
in whole-body cortisol and gene expression in the telencephalon between avoider and non-
avoider fish following a single-trial inhibitory avoidance paradigm. To further characterise 
physiology, behaviour and genes associated with inhibitory avoidance learning as observed 
in a one-trial inhibitory avoidance paradigm (Chapter 4), we exposed a large group (n=40) 
of TL zebrafish to a two-trial inhibitory avoidance paradigm. Here we assessed avoider and 
non-avoider differences in behaviour, telencephalic gene expression and whole-body cortisol 
content. In addition, we compared the data following two shocks to the obtained after a 
single shock. Behavioural analysis (average speed and place preference) during the first 60 
seconds (acclimation period) did not reveal differences between avoider and non-avoider 
fish. In addition, no difference in whole-body cortisol was found between these responder 
types, but there was a significant increase following inhibitory avoidance. Higher expression 
levels of bdnf and mr were measured in the telencephalon of avoider fish, while expression 
levels of pcna, cnr1 and crf were lower compared to non-avoider fish. The genes that showed 
differences in expression level between avoider and non-avoider fish are different in a two-
shock paradigm than those found in a single-shock paradigm. This suggests a change in the 
interaction between the number of training sessions and the process of avoidance learning. 
We hypothesise that a single shock best reflects coping styles, while our two-shock paradigm 
relates to processes of learning and memory.
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Introduction
In the experiments using the inhibitory avoidance paradigm we observed strong individual 
differences in the Tupfel Longfin (TL) zebrafish strain (see Chapter 4): avoider fish that did 
not enter the black compartment within 180 seconds; semi-avoider fish that entered the 
black compartment between 60 seconds and 180 seconds; and non-avoider fish that entered 
the black compartment within 60 seconds. We have previously explored avoider and non-
avoider differences [198] after a single shock (Chapter 4). In experiments described later 
in this thesis, we have used a paradigm where fish received two shocks (Chapters 6-10). 
Unfortunately, due to low the number of fish in either the avoider or non-avoider category in 
those experiments, we were unable to properly assess differences between these behavioural 
phenotypes. Still, differences in avoidance behaviour are in line with many other studies that 
have shown behavioural differences in relation to performance in challenging tasks for both 
rodents [157,160] and fish [31,55,129,335,389]. 
 To further characterise physiology and genes associated with inhibitory avoidance 
learning, we exposed a large group (n=40) of TL zebrafish to the two-trial inhibitory avoidance 
paradigm. Here we assessed avoider and non-avoider differences in behaviour, telencephalic 
gene expression and whole-body cortisol content. Behavioural analysis (average speed and 
place preference) during the first 60 seconds (acclimation period) was used to assess if such 
parameters may be predictive for avoidance behaviour. In addition to assessing differences 
between avoider and non-avoider fish, we also compared current findings to those reported 
following a single shock (Chapter 4). We hypothesised that a single shock best reflects 
innate coping styles, while our two-shock paradigm relates to processes of learning and 
memory. This would be reflected in differences in gene expression between a single and two 
training sessions.
Material and Methods
Ethical approval
All experiments were approved by the ethical committee of Radboud University (DEC 2013-
179) and conducted according to National law and European regulations.
Animals and housing
Adult (12 months) male and female zebrafish of the in-house bred TL strain (n = 47) were 
kept in the fish facilities of the Radboud University (Nijmegen, the Netherlands) in 75-litre 
tanks (50 × 50 × 30 cm) with recirculating bio-filtered Nijmegen tap water (26 °C; pH = 8.0). 
The photoperiod was 12L:12D (lights on from 7:00 till 19:00 h). Fish were fed twice daily with 
Artemia sp. (9:00 hours) and TetraMin flakes (09:00 h and 16:00 h) (Tetra, Melle, Germany). 
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Experimental groups
Fish were acclimatised in the fish facilities for four weeks before experimentation. A subset 
of control fish (n = 11) was sacrificed (14:00 h) without being subjected to the experimental 
procedure and served for baseline measurements; the other subset of experimental fish (n 
= 36) was subjected to the inhibitory avoidance protocol and sacrificed 2 hours after the last 
trial (14:00 h). 
Inhibitory avoidance protocol
Please see the Inhibitory Avoidance Protocol (Chapter 4) for details on the (I) inhibitory 
avoidance paradigm, (II) avoider and non-avoider category, (III) tissue collection and 
preparation, (IV) analysis of whole body cortisol and (V) the analysis of gene expression. For 
gene expression analysis the following genes were selected: bdnf, cart4, htr1ab gr-α, gr-β, mr, 
crf, crf-bp and cnr1. 
Behavioural analysis 
Behaviour of the fish during the inhibitory avoidance paradigm was videotaped during the 
60 seconds acclimation period and during the 180 seconds choice period, to be analysed 
off-line later using EthoVision v.10 software (Noldus Information Technology, Wageningen, 
The Netherlands). Swimming velocity was determined for each fish by dividing the total 
swimming distance by the time that was spent swimming (in the white compartment) 
during the 60 seconds acclimation; decreased swimming over days indicates decreased 
novelty-induced anxiety due to familiarity with the tank [49,213]. The position in the white 
compartment was determined during both periods as indicator of learned fear. To this end 
the white compartment was virtually divided into three equally sized zones, parallel to the 
sliding door. Zone 1 was furthest from the sliding door, zone 3 adjacent to the door, zone 2 
in between. An increase in the time spent in zone 1 is indicative of increased fear learning.
Statistical analysis
Statistical analyses were performed using IBM SPSS 21 for Mac (IBM, Armonk, USA) and data 
were plotted with GraphPad Prism 5 for Mac (GraphPad software Inc., La Jolla, USA). Latency 
times were analysed by the non-parametric Mann Whitney U test, as we introduced a cut-off 
point of 180 seconds [198,199].
 Differences in whole-body cortisol content, telencephalic gene-expression levels 
and behavioural data were analysed separately using Student’s t-test or Mann-Whitney 
U-test (based on normal distribution assessed by A D’Agostino and Pearson omnibus 
normality test). 
085
CHAPTER 05
To assess interrelationships between gene expression levels and whole-body cortisol content 
we ran a Principal Component Analysis (PCA) with orthogonal rotation (oblimin with Kaiser 
normalisation). In case of missing samples data were excluded list-wise. The number of 
components to retain was based on their eigenvalue (> 1) and a visual inspection of the 
scree plot. Additionally, the Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy and 
Bartlett’s test of sphericity were run to ensure that the data obeyed analysis criteria. The 
component loading cut-off point was -0.400 or 0.400[84].
 In all cases, significance was accepted when p≤ 0.05 (two-tailed) unless otherwise 
stated (i.e. adjusted alpha in case of multiple comparisons).
Results
Inhibitory avoidance learning
Fish showed a significant increase in latency across training days (H = 29.15 ; p < 0.0001). 
Post-hoc analysis showed a significantly higher latency on day 2 and on day 3 compared to 
day 1. However, no significant difference was found between the latencies of day 2 and day 
3 (Figure 1).
 The behavioural data show that 10 out of 35 fish were avoiders (29%) while 16 out 
of 35 fish could be classified as non-avoiders (46%). Tracking plots during the period that 
fish could make a choice are also shown in Figure 1; these tracking plots are representative 
for avoider, semi-avoider and non-avoider fish. Upon opening the door, we observed clear 
differences in swimming location. Although not quantified, avoider fish showed a strong 
aversion for the black compartment and kept swimming in the zone furthest away from the 
opened door (> 180 seconds). Semi-avoider (data not shown) and non-avoider fish did not 
show any location preference when the door opened and entered the black compartment 
within 180 seconds (Figure 1). 
Behaviour during acclimation period
The percentage of time spent furthest from the sliding door and the velocity (cm/s) for all 
fish on day 2 and day 3 during the first 60 seconds (acclimation period; closed sliding door) 
were assessed for their predictive value to avoidance behaviour. To this end, behaviour on day 
1 (naïve fish) was not analysed, as it cannot be correlated to fear avoidance learning (Figure 
2A-B).
 There was no significant change between days for the time spent in the zone 
furthest from the door, while a significant decrease in swimming speed was observed (t = 
5.380 ; df = 68 ; p ≤ 0.0001). 
 For day 3, the data were split into avoider and non-avoider fish (Figure 2A-B). We 
observed no significant differences between categories for either velocity or time spent in the 
zone furthest from the sliding door.
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FIGURE 1 | Comparison of latency and avoider (>180s), semi-avoider (60-180s) and non-avoider 
(<60s) swimming patterns. Day 1 shows the initial latencies recorded without training, whereas day 2 
shows the latencies after a single shock. Data are presented as individual latencies (single dots) as well as 
group medians (black bar). Video tracking images (right side) represent swimming patterns corresponding 
to the latencies in the graph when the sliding door is lifted. Capital letters above groups indicate significant 
differences assessed by a Kruskal-Wallis followed by a Dunn’s post-hoc analysis to compare each column to each 
column: groups that do not share corresponding letters are significantly different from each other (p ≤ 0.05)..
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FIGURE 2 | Behavioural analysis of swimming patterns during the first 60 seconds (acclimation 
period; sliding door closed) of inhibitory avoidance. The percentage of time spent furthest from the 
sliding door (A) and the velocity (cm/s) (B) for all fish each day and between avoider and non-avoider 
fish on the third day of inhibitory avoidance protocol. Significance was indicated as: p ≤ 0.001 (***).
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Whole-body cortisol content
A Mann-Whitney U-test revealed a significant increase in whole-body cortisol following 
inhibitory avoidance learning (p < 0.0001) compared to basal conditions. This increase was 
observed in both avoiders and non-avoiders. No significant difference was found between 
avoider and non-avoider fish (Figure 3).
Gene expression analysis
Following a Grubb’s outlier test (α = 0.01) the following data-points were removed: one 
non-avoider for neurod (normalised expression: 0.76) and one avoider for pcna (normalised 
expression: 0.58).Gene expression data is shown in Figure 4. 
 Compared to basal conditions, the levels of neurod, pcna, mr and gr-α expression 
were significantly decreased, while the expression level of cnr1 and the gr-β/gr-α ratio were 
significantly increased.
 When we split the post inhibitory avoidance expression data into avoider and non-
avoider categories, we observed that avoider fish had a significant increase in the expression 
of bdnf and a decreased expression for pcna. For non-avoider fish we observed a significant 
increase in cnr1 expression and the gr-β/gr-α ratio, while we found a decreased expression for 
neurod, gr-α, mr and crf-bp.
 When we compare the expression levels between avoider and non-avoider fish, 
we observed significantly higher level of expression for bdnf and mr, but a lower level of 
expression for pcna, cnr1 and crf in our avoider fish.
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FIGURE 3 | Whole-body cortisol. Whole-body cortisol levels of zebrafish assessed before (basal)
and following (IA) inhibitory avoidance learning (left panel) and comparison of gene expression 
between fish without inhibitory avoidance learning (basal), non-avoider and avoider fish. The level of 
significance is listed for basal versus IA; capital letters above groups indicate significant differences: 
groups that do not share corresponding letters are significantly different from each other (p ≤ 0.05).
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FIGURE 4 | Gene expression analysis in the telencephalon. Comparison of whole group gene expression before
(basal) and following (IA) inhibitory avoidance learning (left panel) and comparison of gene expression 
between fish without inhibitory avoidance learning (basal), non-avoider and avoider fish. The level of 
significance is listed for basal versus IA; capital letters above groups indicate significant differences: 
groups that do not share corresponding letters are significantly different from each other (p ≤ 0.05). 
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FIGURE 4 | Gene expression analysis in the telencephalon. Comparison of whole group gene expression before
(basal) and following (IA) inhibitory avoidance learning (left panel) and comparison of gene expression 
between fish without inhibitory avoidance learning (basal), non-avoider and avoider fish. The level of 
significance is listed for basal versus IA; capital letters above groups indicate significant differences: 
groups that do not share corresponding letters are significantly different from each other (p ≤ 0.05). 
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One shock versus two shocks
In order to properly compare the data reported here with those reported in Chapter 4, we 
re-analysed the data for the 3V group similar to our analysis here. We also added the analysis 
of crf, crf-bp and cnr1 to the single shock data set. Following a single shock, the expression 
of cart4 was significantly higher for avoider fish compared to non-avoider fish. No other 
significant differences were observed (Table 1). 
Principal component analysis (PCA)
We performed a PCA with the gene expression data obtained post-test only. We excluded 
the expression data for pcna and neurod as we did not assess those following a single shock. 
Although the KMO measure was moderate for this dataset (KMO = 0.492); the Bartlett’s 
test of sphericity indicated that the correlations between items were sufficiently large for 
PCA (χ2 = 72.091 ; df = 36 ; p ≤ 0.0001). We extracted three components, explaining a modest 
69.76% of variance (Table 2): bdnf, htr1ab, gr-β, gr-α and mr loaded strongly on Component 
1; gr-α, crf-bp and cart4 loaded strongly on Component 2; gr-β, crf and cnr1 loaded strongly 
on Component 3. 
ANOVA Non-avoider Avoider Statistics
bdnf n.s. 0.73 ( ± 0.23 ) 0.75 ( ± 0.24 ) n.s.
cart4 interaction 0.53 ( ± 0.21 ) 0.76 ( ± 0.05 ) t = 2.408 ; df = 15 ; p = 0.03
htr1ab n.s. 0.83 ( ± 0.23 ) 0.89 ( ± 0.32 ) n.s.
gr-α interaction 1.04 ( ± 0.21 ) 1.09 ( ± 0.22 ) n.s.
gr-β n.s. 0.90 ( ± 0.38 ) 0.97 ( ± 0.49 ) n.s.
mr n.s. 1.44 ( ± 0.49 ) 1.41 ( ± 0.43 ) n.s.
crf n.s. 0.55 ( ± 0.13 ) 0.61 ( ± 0.19 ) n.s.
crf-bp n.s. 0.14 ( ± 0.07 ) 0.24 ( ± 0.15 ) n.s.
cnr1 n.s. 1.17 ( ± 0.21 ) 1.33 ( ± 0.35 ) n.s.
Cortisol n.s. 1.67 ( ± 0.81 ) 2.22 ( ± 1.60 ) n.s.
TABLE 1 | Gene expression. Avoider and non-avoider expression data in Chapter 4 were analysed with a post hoc 
analysis only following an overall effect (ANOVA). We here analysed the data for the 3V group anew (t-test or Mann-
Whitney U-test: statistics column) regardless of overall effect for a more accurate comparison to the data following two 
shocks (t-test or Mann-Whitney U-test). The “statistics” column shows significant differences between avoider and 
non-avoider fish; the “ANOVA” column lists results from a two-way ANOVA (across 1V,3V,9V) as assessed in Chapter 4.
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Discussion
Behaviour
The behavioural analyses did not reveal differences in the average time spent in the tank 
location nearest to the door during the first 60 seconds on day 2 nor day 3. However, we 
observed a decrease in swimming speed between day 2 and day 3. Previous studies have linked 
a decrease in swim speed to habituation to a novel environment, here the experimental tank 
[49,212]. These data suggest that fish did not associate the tank itself with being shocked 
(as they habituated) and that they did not link the door or its spatial location per se with a 
negative experience (as there was no change in zone preference). Splitting the behavioural 
data on day 3 into avoider and non-avoider categories did not reveal differences for these 
behavioural parameters. Since we did not observe differences between avoiders and non-
avoiders during the 60s acclimation period, none of these parameters appear suitable to 
predict avoider or non-avoider behaviour once the door is opened. Further refined analysis 
of the behavioural data might reveal more suitable parameters. We noticed however that 
avoider fish spent more time in the zone furthest away from the door than non-avoider 
fish once the door was lifted. This supports the notion (and confirms the design of the 
experiment) that avoiders associated the black compartment with something negative and 
tried to stay clear from that compartment. 
ANOVA Non-avoider Avoider Statistics
bdnf n.s. 0.73 ( ± 0.23 ) 0.75 ( ± 0.24 ) n.s.
cart4 interaction 0.53 ( ± 0.21 ) 0.76 ( ± 0.05 ) t = 2.408 ; df = 15 ; p = 0.03
htr1ab n.s. 0.83 ( ± 0.23 ) 0.89 ( ± 0.32 ) n.s.
gr-α interaction 1.04 ( ± 0.21 ) 1.09 ( ± 0.22 ) n.s.
gr-β n.s. 0.90 ( ± 0.38 ) 0.97 ( ± 0.49 ) n.s.
mr n.s. 1.44 ( ± 0.49 ) 1.41 ( ± 0.43 ) n.s.
crf n.s. 0.55 ( ± 0.13 ) 0.61 ( ± 0.19 ) n.s.
crf-bp n.s. 0.14 ( ± 0.07 ) 0.24 ( ± 0.15 ) n.s.
cnr1 n.s. 1.17 ( ± 0.21 ) 1.33 ( ± 0.35 ) n.s.
cortisol n.s. 1.67 ( ± 0.81 ) 2.22 ( ± 1.60 ) n.s.
TABLE 2 | Variables loaded onto Components by a principal component 
analysis (PCA). Scores larger than 0.400 or smaller than -0.400 were accepted 
for loading onto a factor and are shown in black. This resulted in the loading of 
bdnf, htr1ab, gr-β, gr-α and mr onto Component 1; the loading of gr-α, crf-bp and 
cart4 onto Component 2; and the loading of gr-β, crf and cnr1 onto Component 3
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Whole body-cortisol and gene expression analysis: two shock paradigm
Whole body cortisol content was significantly increased following inhibitory avoidance. This 
increase in whole-body cortisol was not different between avoider and non-avoider fish. 
Interestingly, the increase in whole-body cortisol was not mirrored in the expression levels of 
the genes, i.e. none of the genes were increased/decreased both in avoider and non-avoider 
fish.
 Instead, the gene expression data show that following inhibitory avoidance learning 
several genes changed in expression level compared to baseline measurements. Levels of 
neurod, pcna, mr and gr-α expression were significantly decreased, while the expression 
level of cnr1 and the gr-β/gr-α ratio were significantly increased. When we divided the post 
inhibitory avoidance expression data into avoider and non-avoider categories, we saw that 
the observed changes following inhibitory avoidance related to either changed expression 
levels in avoider fish or non-avoider fish, but not in both.  
For avoider fish we noted a decreased expression level of pcna, which may be 
indicative of a lower level of neurogenesis [380]. This hypothesis fits the performance in 
the inhibitory avoidance paradigm, as a successful performance suggests that the neuronal 
network holding the information for avoidance behaviour is already in place. In addition, we 
observed higher levels of bdnf, which can be explained by a role in the support and survival 
of neurons as well as the growth of new ones [60,210].  In addition, its expression may be 
influenced by the relatively higher levels of mr ([22] and see also Chapter 7). 
 Non-avoider fish appeared responsible for the observed increase in cnr1 expression 
and the gr-β/gr-α ratio, as well as the decreased expression for neurod, gr-α and mr. Lower 
levels of neurod may be indicative for reduced neuronal differentiation [174]. Although 
unclear from our data, this may have prevented these fish from forming the neuronal 
network required for proper avoidance learning. This hypothesis is supported by the reduced 
expression of mr, who’s expression is required for the initial steps of learning and the 
appraisal of situations [117]. The reduced expression of gr-α may be linked to the decrease 
in mr expression as the balance between MR and GR activation is crucial for proper learning 
and memory formation [117]. The increase in the gr-β/gr-α ratio may also reflect lower GR-α 
activation, as there likely is a greater (relative to GR-α) abundance in the decoy receptor GR-β 
[298]. The increased expression of cnr1 may be a coping mechanism to reduce the impact of 
the (potentially painful) shock, as increased activation of the cannabinoid system reduces 
nociception [86,104,366]. Another possibility may relate to the recovery period following a 
stressful event, in which up-regulation of CB1 occurs [115]. The lack thereof in avoider fish 
may relate to the controllability of the situation, which is higher in avoider fish as they 
learned how to avoid the electric shock. We also observed a decrease in the expression of 
crf-bp which results in a larger concentration of biologically available CRF [200]. Increased 
levels of CRF peptides have been associated with disruption of contextual fear conditioning 
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and impaired memory formation during inhibitory avoidance tasks [123,285].
 The differences in expression levels between basal conditions and avoider or non-
avoider fish discussed here are supported by differences between avoider and non-avoider 
fish. We found lower levels of bdnf and mr in non-avoider fish and lower levels of pcna, cnr1 
and crf in avoider fish. These observations fit our previous hypotheses.
Whole body-cortisol and gene expression analysis: two shocks versus a single shock
Here we observed that cortisol levels were increased following two 3V shocks, while we did 
not observe this following one 3V shock. In Chapter 4, whole body cortisol was found to be 
consistently higher in the avoider fish, compared to the non-avoider fish across the different 
shocks. This suggests that two 3V shocks have a different effect on the fish than one 3V 
shock and that the paradigms may not be comparable. The expression levels of genes also 
support this notion. 
The expression levels of pcna, cnr1 and crf were significantly lower in avoider fish 
compared to non-avoider fish following two shocks, while no significant differences between 
both responder types were observed following a single shock. Expression of bdnf and mr 
were found to be significantly higher in avoiders compared to non-avoider fish following 
the two-shock paradigm. These genes did not differ significantly following a single shock 
between avoiders and non-avoiders. While cart4 expression was not significantly different 
between avoider and non-avoider in this current study, we did observe a significant higher 
level of expression in avoider fish compared to non-avoider fish following a single shock. 
Although there are clear differences in the expression level of genes following a single and 
two shocks, PCA revealed some similarities as well. For example, in both studies (single and 
two shocks) mr and gr-α loaded onto the same component, as did bdnf and gr-β. The notion 
that expression of these genes may be linked is strengthened by the observation that these 
genes also load onto the same component following unpredictable chronic stress (Chapter 
7). 
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Concluding remarks
Overall, our two-shock paradigm showed stronger differences in gene expression between 
avoider and non-avoider fish. However, it is difficult to say whether the second shock only 
reinforced or completely changed the differences in expression levels of avoider and non-
avoider fish. Learning processes involve many steps, such as acquisition, (re-)consolidation 
and recall, all of which involve a large number of genes. In addition, we forced fish that 
displayed avoidance behaviour on day 2 into the black compartment in order to receive a 
second shock and thereby keeping the number of shocks the same between subjects on 
day 3. This procedure might have caused changes in the expression levels of genes, as the 
situation has changed compared to the previous day (where no enforcement was given). 
Moreover, some fish displayed avoidance behaviour on two consecutive days (“single shock” 
avoider), whereas others only displayed this behaviour on the second day (“two shock” 
avoider). Tagging individuals to distinguish between “single shock” avoiders and “two shock” 
avoiders may reveal genetic differences between these types of avoider fish.
Based on the large differences in gene expression that we observe between a single 
shock and a two shocks paradigm, we suggest that these paradigms measure different 
aspect of behaviour and/or mechanisms. While in Chapter 4 we suggested that the single 
shock paradigm may reflect reactive and proactive coping styles, we suggest here that the 
two shocks paradigm may more strongly reflect general learning and memory capacities.
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Abstract 
Recently, we established an inhibitory avoidance paradigm in Tupfel Long-Fin (TL) zebrafish. 
Here, we compared task-performance of TL fish and fish from the AB strain; another widely 
used strain and shown to differ genetically and behaviourally from TL fish. Whole-body 
cortisol and telencephalic gene expression related to stress, anxiety and fear were measured 
before and two hours post-task. Inhibitory avoidance was assessed in a 3-day paradigm: 
fish learn to avoid swimming from a white to a black compartment where a 3V-shock is 
given: day 1 (first shock), day 2 (second shock) and day 3 (no shock, sampling). TL fish rapidly 
learned to avoid the black compartment and showed an increase in avoidance-related spatial 
behaviour in the white compartment across days. In contrast, AB fish showed no inhibitory 
avoidance learning. AB fish had higher basal cortisol levels and expression levels of stress-
axis related genes than TL fish. TL fish showed post-task learning-related changes in cortisol 
and gene expression levels, but these responses were not seen in AB fish. We conclude that 
AB fish show increased cortisol levels and no inhibitory avoidance compared to TL fish. The 
differential learning responses of these Danio strains may unmask genetically defined risks 
for stress-related disorders.  
098
Introduction
The zebrafish (Danio rerio), is an increasingly used model species in biomedical research [324], 
genetics [179] and behavioural studies [224]. The increasing popularity of zebrafish lies in a 
relatively high physiological and genetic homology with mammals [120], a high fecundity, 
short generation time and cheap and easy husbandry [43,54,143,317,324]. 
 The inhibitory avoidance paradigm is used to study mechanisms related to learning 
and fear in zebrafish [145,323], based on the conflict of the innate response of a zebrafish to 
enter a black compartment [93,308,321] and the association of that black compartment with 
an unpleasant stimulus, i.e. an electric shock. The preference for the black over the white 
compartment depends on ambient lighting [321].
 Recently, we studied inhibitory avoidance behaviour, whole-body cortisol and 
telencephalic gene expression to assess individual differences in task-performance [198] and 
the effects of chronic unpredictable stress on learning and memory [199]. In these studies 
we used fish of the Tupfel Long-Fin (TL; previously known as Tübingen Long-Fin) strain, a 
commonly used strain. It is well known that mouse strains may respond differentially to 
the same treatment (e.g. [87,140,313]). Studies on strain differences seem also warranted for 
zebrafish considering their vast genetic variability: phylogenetic analysis of 7 different strains 
revealed relatively large genetic distances between them [105]. 
 Recent studies that compare zebrafish strains have primarily focussed on behavioural 
differences. These behavioural differences include a difference between AB, Tübingen 
(TU), Wild Indian Karotype (WIK) and short fin (SF) zebrafish in behaviour following 
ethanol exposure, supported by differences in dopamine and serotonin levels in the brain 
[193,255,297]. Others have shown differences between TU and AB zebrafish in a light-dark 
preference test, exploratory behaviour and colour conditioning [354]. Egan and colleagues 
demonstrate less anxious behaviour of ‘wild-type’ zebrafish compared to albino, leopard and 
long-fin zebrafish strains in a novel tank test setup [75]. Furthermore, differences in shoaling 
behaviour [16] and novel tank test [293] between AB and WIK zebrafish are demonstrated.
 Inhibitory avoidance behaviour provides a powerful paradigm to assess genetically 
determined, strain-dependent interplay of gene expression, physiology and behaviour. Fish 
from the TL and AB strains (another readily available and often used wild-type zebrafish 
strain) are separated by large genetic distances [105] and in this study therefore, we compared 
avoidance learning, aspects of stress physiology (whole-body cortisol) and expression of 
telencephalic genes of TL fish and AB fish. 
 Inhibitory avoidance learning was assessed in a 3-day paradigm [198,199] where fish 
learn to avoid swimming from a white to a black compartment where they receive a 3-V 
shock. Following earlier studies [198,199] we measured whole-body cortisol content and 
telencephalic gene expression before (baseline) and 2 hours post-task to further dissect 
behavioural differences in task-performance between TL and AB fish. 
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Telencephalic gene expression was quantified for genes involved in (1) anxiety, pain and fear 
(arginine vasotocin (avt); isotocin (oxt); cart4, cnr1; serotonin receptor 1ab (htr1ab) [355]), (2) 
stress and the regulation of the stress-axis (corticotropin-releasing factor and corticotropin 
releasing factor-binding protein (crf, crf-bp [88,183]); glucocorticoid receptor (GR; gr-α and 
gr-β) and mineralocorticoid receptor (MR; mr) [66,151,298,299]) and (3) brain plasticity (brain-
derived neurotropic factor (bdnf), proliferating cell nuclear antigen (pcna) and neurogenic 
differentiation  (neurod) [19,300,355]). 
Materials and Methods
Ethical approval
All experiments were approved by the ethical committee of Radboud University (DEC 2013-
179) and conducted according to National law and European regulations.
Animals and housing
Adult (12 months) male and female zebrafish of the TL strain (n = 36) and AB strain (n = 44) 
were obtained from the Hubrecht laboratory (Utrecht, The Netherlands) and kept in the fish 
facilities of the Radboud University (Nijmegen, the Netherlands) in four 75-litre tanks (50 × 
50 × 30 cm; n = 18 - 22 per tank) with recirculating bio-filtered Nijmegen tap water (26 °C; 
pH = 8.0). The photoperiod was 12L:12D (lights on from 7:00 till 19:00). Fish were fed twice 
daily with Artemia sp. (09.00hrs) and TetraMin flakes (09:00 hrs and 16:00 hrs) (Tetra, Melle, 
Germany). 
Experimental groups
Fish were acclimatised in the fish facilities for four weeks before experimentation. Subsets 
of TL fish (n = 9) and AB fish (n = 13) were sacrificed (14:00 h) without being subjected to 
the experimental procedure and served for baseline measurements; the other subsets of TL 
fish (n = 27) and AB fish (n = 31) were subjected to the inhibitory avoidance learning protocol 
and sacrificed 2 hours after the last trial (see below; 14:00 h). Upon sampling, fish were 
irreversibly anaesthetised by immersion in 0.1% (v/v) 2-phenoxyethanol. The telencephalon 
was dissected, stored at -80 °C for later gene expression analysis, the carcasses were stored 
at -80 °C until extraction of steroids.
Behaviour
Behaviour of the fish during the inhibitory avoidance paradigm was videotaped during the 
60 seconds acclimation period and during the 180 seconds choice period, to be analysed 
off-line later using EthoVision v.10 software (Noldus Information Technology, Wageningen, 
The Netherlands). Swimming velocity was determined for each fish by dividing the total 
swimming distance by the time that was spent swimming (in the white compartment) 
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during the 60 seconds acclimation; decreased swimming over days indicates decreased 
novelty-induced anxiety due to familiarity with the tank [49,213]. Third, the position in the 
white compartment was determined during both periods as indicator of learned fear. To this 
end the white compartment was virtually divided into three equally sized zones, parallel to 
the sliding door. Zone 1 was furthest from the sliding door, zone 3 adjacent to the door, zone 
2 in between. Increased residence in zone 1 is indicative of increased fear learning.
Inhibitory avoidance protocol
Please see the Inhibitory Avoidance Protocol (Chapter 4) for details on the (I) inhibitory 
avoidance paradigm, (II) avoider and non-avoider category, (III) tissue collection and 
preparation, (IV) analysis of whole body cortisol and (V) the analysis of gene expression For 
gene expression analysis the following genes were selected: bdnf, cart4, htr1ab gr-α, gr-β, mr, 
crf, crf-bp and cnr1. 
Statistical analysis
Statistical analyses were performed using IBM SPSS 21 for Mac (IBM, Armonk, USA) and 
data were plotted with GraphPad Prism 5 for Mac (GraphPad software Inc., La Jolla, USA). 
Latency times were analysed by non-parametric tests, as we introduced a cut-off point of 
180 seconds [198,199]. Differences within a strain over time were tested with the Kruskal-
Wallis test, and the Jonckheere-Terpstra test was used to test for significant trends between 
days. Mann-Whitney U-tests were used as post-hoc tests. Behavioural data were analysed 
using two-way analysis of variance (ANOVA) with strain and day of the inhibitory avoidance 
paradigm as main effects, followed by one-way ANOVA with Student-Newman-Keuls 
post-hoc test and Student’s t-test, when appropriate. Strain (basal) differences in whole-
body cortisol content and telencephalic gene-expression levels at baseline were analysed 
separately using Student’s t-test or Mann-Whitney U-test. To assess task-related changes 
in whole-body cortisol content and telencephalic gene expression levels data were analysed 
using two-way ANOVA, with strain (AB versus TL) and task (post-task versus baseline) as 
main effects. In case of a significant interaction effect we used Student’s t-test for post-
hoc comparisons (applying Welch’s correction in case of inequality of variance). In case of 
non-Gaussian distribution (detected by Kolmogorov-Smirnov test and assessment of the 
Q-Q plot) a Mann-Whitney U-test was used instead. Means (or medians in case of non-
parametric tests) were considered statistically different when p < 0.05, unless otherwise 
stated (α was Bonferroni-adjusted for multiple comparisons when appropriate). Effect 
sizes were calculated and are indicated as r in case of Kruskal-Wallis, Jonckheere-Terpstra, 
Student’s t- or Mann-Whitney U-test, and ω or ω2 in case of one-way and two-way ANOVA, 
respectively. 
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Results
TL fish and AB fish differ in inhibitory avoidance behaviour
On day 1, all fish entered the black compartment within 180 seconds. A notable exception 
(and in accordance with earlier unpublished observations) was two females with roe (large 
egg-filled belly); these fish did not enter the dark compartment and were removed from 
the experiment. Across the three days of the inhibitory avoidance paradigm, TL fish showed 
a significant trend for increased latencies (J = 1601; p < 0.0001; r = 0.54) whereas AB fish 
showed a significant trend for decreased latencies (J = 1275; p = 0.02; r = -0.12) (Figure 1). We 
observed no difference in latency times to enter the dark compartment between TL and AB 
fish on day 1 of the inhibitory avoidance paradigm. On day 2 (U = 116.5; p < 0.0001; r = 0.62) 
and day 3 (U = 50; p < 0.0001; r = 0.76) latency times of TL fish were significantly higher than 
of AB fish. On day 2 only 1 out of 31 AB fish (3.2%) showed a latency of 180 seconds (avoider 
fish; [198,199]) compared to 14 out of 27 TL fish (51.9%); on day 3 these numbers were: 0/31 
(0%) for AB fish versus 18/27 (66.8%) for TL fish. 
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FIGURE 1 | Latencies (in seconds) to enter the black compartment of TL (black dots) and AB 
(white dots) zebrafish in the inhibitory avoidance task. Results are plotted as individual latencies 
and the black horizontal lines represent medians; we introduced a cut-off point at 180 s. TL (lowercase) 
and AB (uppercase) zebrafish groups that do not share a letter are significantly different from one 
another. Asterisks indicate significant differences between strains (p ≤ 0.001 (***);  n.s.: not significant).
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TL fish and AB fish differ in behaviour
Mean velocity during the 60 seconds acclimation period in the white compartment showed 
a significant interaction effect (strain × test-day: F(2,170) = 7.948; p = 0.001; ω2 = 0.07): 
whereas the mean velocity of TL fish decreased across days (from 11.8 ± 2.9 on day 1 to 8.4 ± 
3.1 cm / sec on day 3 (mean ± SD) (F(2,76) = 11.677; p < 0.0001; ω = 0.46), mean velocity of 
AB fish remained the same across days (from 10.0 ± 2.4 on day 1 to 10.1 ± 2.5 cm / sec on day 
3 (mean ± SD) (Figure 2A). On day 1 TL fish showed a significantly higher mean velocity than 
AB fish (t = -2.687; df = 58; p = 0.009; r = 0.33), while the opposite was found on day 3 (t = 
2.826; df = 56; p = 0.007; r = 0.35). 
 After lifting the sliding door, the proportion of time that fish from both strains spent 
in the zone furthest from the sliding door changed significantly across days (strain × test-day: 
F(2,155) = 5.018; p = 0.008; ω2 = 0.04) (Figure 2B), whereas in the 60 seconds acclimation 
period of day 2 and 3 no differences were observed (Figure S1). The proportion of time spent 
in the zone furthest from the sliding door (zone 1) increased across days for TL (F(2,68) = 
4.279; p = 0.02; ω = 0.29), but remained the same for AB fish (F(2,87) = 1.849; p = 0.164; ω = 
0.13). The proportion of time spent in zone 1 was significantly higher on day 2 (0.61 ± 0.22 vs. 
0.33 ± 0.24 (mean ± SD): t = -4.467; df = 51; p < 0.0001; r = 0.53) and day 3 (0.69 ± 0.21 vs. 
0.37 ± 0.26 (mean ± SD): t = -5.067; df = 56; p < 0.0001; r = 0.56) for TL fish than AB fish. 
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FIGURE 2 | Mean velocity (cm/s) (A) and mean fraction of time spent in the zone furthest away from the 
sliding door (B) after the sliding door was opened. In both panels, results are plotted as individual latencies 
(TL: black dots; AB: white dots) and the black horizontal lines represent means. Asterisks (p ≤ 0.05 (*) and p ≤ 
0.001 (***)) indicate significant differences on each given day. Letters above groups indicate significant differences 
across days: groups that do not share corresponding letters are significantly different from each other (p ≤ 0.05).
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TL fish and AB fish differ in baseline and post-task cortisol levels 
TL fish had lower basal whole-body cortisol levels compared to AB fish (0.10 ± 0.07 vs. 0.42 
± 0.23 ng / g body weight (mean ± SD), respectively; U = 2; p < 0.0001; r = 0.18; Figure 3). A 
significant interaction term (strain × task) was found for whole-body cortisol levels (F(1,43) 
= 5.085; p = 0.03; ω2 = 0.06): cortisol increased as a result of the inhibitory avoidance task in 
TL fish (t = -4.074; df = 9.511; p = 0.002; r = 0.80), but not in the AB fish (t = 1.784; df = 25; p = 
0.09; r = 0.11) (Figure 3). No differences were found following the inhibitory avoidance task.
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FIGURE S1 | Fraction of time spent in the zone furthest away from the sliding door during the 
60s acclimation period. Although there is a small difference in spatial distribution of the zebrafish 
on day 1 of the inhibitory avoidance task, there were no differences between TL (black dots) and 
AB fish (white dots) on day 2 and 3. Asterisks indicate significant differences (p ≤ 0.01 (***). Black 
line at fraction 0.33 indicates the fraction of time spent in each zone based on random distribution
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FIGURE 3 | Whole-body cortisol. Whole-body cortisol measured at basal and 2 h post-task on the 
third day of TL (black dots) and AB fish (white dots). Results are plotted as individual values and a black 
horizontal line indicates the mean. Asterisks indicate significant differences (p ≤ 0.01 (**) and p ≤ 0.001 (***)).
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TL fish and AB fish differ in gene-expression levels at baseline and post-task
Significant interactions or strain effects indicated by two-way ANOVA for gene-expression 
levels at baseline and post-task are shown in Figure 4. Figure S2 shows data for cases 
where no interaction or strain effects were found. Differences in basal expression are shown 
in Table 1: basal telencephalic transcript levels of crf, crf-bp, avp, oxt and gr-α were higher, 
whereas levels of bdnf and the mr/gr-α ratio were lower in AB fish compared to TL fish. 
 No significant interaction, strain, or post-task effects were found for hrt1ab, neurod, 
gr-β, and the gr-β/gr-α ratio (Figure S2). 
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FIGURE S2 | Telencephalic expression of genes of interest. Mean normalised expression of telencephalic genes 
of interest (htr1ab, cnr1, neurod, gr-β, mr, and bdnf). Expression levels are normalised to an index of elf1α and rpl13 and 
plotted as individual values . TL: black dots; basal n = 9 / post-task n=27 and AB: white  dots; basal n =13 / post-task n =31).
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FIGURE 4 | Telencephalic expression of genes of interest. Mean normalised expression of telencephalic genes 
of interest in TL (black dots; basal n = 9 / post-task n = 27) and AB fish (white dots; basal n = 13 / post-task n = 31). 
Expression levels are normalised to an index of elf1α and rpl13 and plotted as individual values. In case of a significant 
interaction effect (avp, cart4, pcna, gr-α and the mr/gr-α ratio), the nature of this interaction effect is explored 
using Tukey post-hoc tests with corrected α for multiple comparisons (p ≤ 0.05 (*); p ≤ 0.01 (**) and p ≤ 0.001 (***)
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We found a significant interaction (strain × task) effect for avp (F(1,72) = 5.513; p = 0.02; ω2 = 
0.06: significantly increased expression post-task compared to baseline in TL fish but not in 
AB fish), cart4 (F(1,74) = 4.800; p = 0.03; ω2 = 0.02: decreased expression post-task in TL fish 
and increased expression post-task in AB fish), pcna (F(1,75) = 18.396; p < 0.0001; ω2 = 0.06: 
increased expression post-task in TL fish but not in AB fish), gr-α (F(1,75) = 6.776; p = 0.01; ω2 
= 0.07: significant difference in basal expression between TL and AB fish) and the mr/gr-α 
ratio (F(1,75) = 18.884; p < 0.0001; ω2 = 0.18: lower basal ratio in AB compared to TL fish and 
a significantly decreased ratio in TL fish but not in AB fish post-task). Next to interaction 
effects, we observed strain effects on mRNA levels for oxt (F(1,67) = 40.061; p < 0.0001; 
ω2 = 0.31: increased expression in AB fish compared to TL fish at baseline and post-task), 
crf (F(1,75) = 18.226; p < 0.0001; ω2 = 0.18: increased expression in AB fish compared to TL 
fish at baseline and post-task) and crf-bp (F(1,74) = 26.810; p < 0.0001; ω2 = 0.20: increased 
expression in AB fish compared to TL fish at baseline and post-task), and effects of the task 
for mRNA levels for crf-bp (F(1,74) = 13.861; p < 0.0001; ω2 = 0.10: decreased expression 
post-task compared to baseline for both strains), oxt (F(1,67) = 10.294; p = 0.002; ω2 = 0.07: 
decreased expression post-task compared to baseline for both strains), cnr1 (F(1,75) = 9.646; 
p = 0.003; ω2 = 0.10: increased expression post-task compared to baseline for both strains) 
and nr3c2 (F(1,75) = 9.658; p < 0.003; ω2 = 0.10: decreased expression post-task compared to 
baseline for both strains). 
AB versus TL
htr1ab
cart4 t = -1.964; df = 20; p = 0.06; r = 0.40
bdnf t = -2.113; df = 19; p = 0.05; r = 0.44
neurod
crf t = -3.452; df = 20; p = 0.003; r = 0.61
crf-bp t = -2.433; df = 20; p = 0.02; r = 0.48
avt t = -2.319; df = 20; p = 0.03; r = 0.46
oxt t = -4.442; df = 17; p < 0.0001; r = 0.70
gr-α t = -2.518; df = 20; p = 0.02; r = 0.49 
gr-β
mr
mr/gr-α t = 4.197; df = 20; p < 0.0001; r = 0.68 
TABLE 1 | Results of Student’s t-tests of the comparison of 
the basal gene expression levels of TL and AB fish. Negative “t” 
values represent an increase; positive “t” values represent a decrease.
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Discussion
In the present study, we show that two widely used zebrafish strains, Tupfel Long-fin (TL) and 
AB, show pronounced differences in inhibitory avoidance learning as well as basal and post-
task cortisol content and telencephalic gene expression. AB fish show increased stress-axis 
activity with a negative effect on inhibitory avoidance learning. A comparative approach with 
TL and AB fish allows for an analysis of risks for and development of stress-related disorders.
Behaviour
On the first day of the experiment there were no differences in latency times to enter the 
black compartment between TL and AB zebrafish, suggesting that there were no initial 
differences between the strains in preference for the white or black compartment. In line 
with our earlier studies TL fish showed inhibitory avoidance learning following one shock 
[198,199] which was strengthened by a second shock [199]. In contrast, AB fish showed no 
signs of inhibitory learning at all, neither in median latency to enter the black compartment 
(in fact they showed a decrease in latency) nor in the number of animals that avoided the 
black compartment. These differences in inhibitory avoidance behaviour were corroborated 
by differences in the fraction of time that fish spent afar from the black compartment during 
the 180 seconds fish were allowed to choose to enter or not the black compartment: TL fish 
spent progressively more time in the zone furthest from the black compartment, whereas 
the time spent AB fish in this zone was close to what can be considered to be random. TL fish 
apparently associated the black compartment (which they can see when the sliding door is 
lifted) with the concomitant shock while AB fish did not. This difference over days of time 
spent in this zone was not observed in the acclimation period before the sliding door was 
lifted, suggesting that TL fish did not associate being in the white compartment and/or the 
procedure before lifting the sliding door with (the arrival of) a shock. This is supported by the 
change in the mean swimming velocity. TL fish showed a gradual decrease of mean velocity 
from day 1 to day 3 during the 60-s acclimation period, while the mean velocity of AB fish 
remained constant over the three training days. These data suggest that TL fish habituated 
across days to the white compartment [49,213] and did not associate being in the white 
compartment and/or the procedure before lifting the sliding door with the (the arrival of a) 
shock in the black area per se. In addition, the data seem to suggest that the AB fish did not 
habituate to the white compartment, as if no information was retained across 24 h; in line 
with the absence of inhibitory avoidance learning. 
 The observation that 24 hour retention of inhibitory shock learning is poor in AB fish 
is not unprecedented [311,345]. The data of these studies also suggested that retention at 
shorter intervals does occur, and suggests poor long-term memory formation. Long-term 
memory (LTM) formation using a cue-shock active avoidance paradigm has recently been 
shown to be dependent on telencephalic dorsal central pallial areas (cDP), the proposed 
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zebrafish equivalent of the mammalian cortex [8]. AB fish have been shown to learn a 
cue-related appetitive task across days, in fact even better than TL fish [354]. These data 
suggest that induction of LTM per se is not the problem in AB fish. Our paradigm is a context-
conditioning paradigm rather than a cue-conditioning paradigm, which has been shown 
in mammals to be dependent on the hippocampus rather than the amygdala [81,202], in 
zebrafish the dorsolateral pallial (dLP) and dorsomedial pallial (dMP) areas, respectively 
[233]. Thus overall these data suggest a dysfunction of dLP areas in AB fish with a possible 
hyperactivity of dMP areas given the increase in anxiety and cue-learning [354]. The baseline 
and post-task cortisol content and telencephalic gene-expression levels seem to lend support 
for this. 
Baseline cortisol content and telencephalic gene-expression 
Basal whole-body cortisol content was higher in AB fish compared to TL fish and suggests 
increased stress-axis activity. Stress may have hampered inhibitory avoidance behaviour: 
indeed, both we [199] and others [263] have recently shown that increased levels of cortisol 
(at baseline or post-task) due to unpredictable chronic stress correlate with a decreased 
ability for inhibitory avoidance learning. A clear difference with these earlier studies should 
be noted: in the chronic stress studies inhibitory avoidance was lower compared to controls, 
here no learning occurred at all, as did habituation in the white compartment. In this respect 
the present data rather resemble the findings by Ziv and colleagues [386], who have shown 
increased baseline levels of cortisol and a lack of habituation in zebrafish carrying a mutation 
in GR-α. Accordingly we assume here that the increased baseline cortisol levels in AB fish 
reflect a long-lasting change in these fish for as yet unknown reasons (see concluding 
remarks). Thus, the behavioural effects and telencephalic gene-expression profile (see 
below) in AB fish may be rather due to long-term increased levels of cortisol (see below) 
than to short-term stressor-induced increased levels [199,263]. 
 The increased level of baseline cortisol in AB fish over TL fish was reflected in increased 
telencephalic gene-expression levels of crf and crf-bp in AB fish compared to TL fish. As 
a general remark it should be noted that we do not  - as yet - know how changes in the 
expression of genes as measured by mRNA are reflected in changes of the levels of proteins 
for which they encode, leading to interpreting the data with care [194] [305]. Telencephalic 
CRF is involved in a variety of stress-related behaviours, including exploratory behaviour 
[155]. In zebrafish, crf mRNA is produced in dLP and dMP areas as well as the surrounding 
(sub)pallial areas [4], supporting a role for CRF in learning in fish. Expression of crf-bp is 
restricted to the subpallial areas including Vv (ventral area of the ventral telencephalon) 
[4] and its ability to modulate CRF bioavailability in dLP and dMP is as yet unclear. When 
sampling the telencephalon, we included the pre-optic area. CRF and CRF-BP expressed in 
the pre-optic area are key in coordinating the stress response through the stimulation of 
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ACTH from the pituitary gland [88,183]. The observed increase in crf-bp transcript level could 
reflect replenishment of hypothalamic CRF-BP [127]. 
 In line with an enhanced activity of stress-axis associated genes, we also found 
increased levels of expression of avt and ovt. The nonapeptides vasotocin (gene: avt) and 
isotocin (gene: oxt) emerged as ‘social hormones’ regulating various kinds of behaviour 
in rodents [187], human [74] and fish [96]. Vasotocin is co-localised with CRF in pre-optic 
area neurones [127,378] and is known to modulate the stress response by potentiating CRF-
stimulation of adrenocorticotropic hormone (ACTH) [13,89]. Isotocin has also been shown 
to modulate stress-axis activity [170]. In perciforms, vasotocin and isotocin receptors are 
widely distributed in the telencephalon, including dLP and dMP [125,153]. These regions and 
the vasotocin and isotocin therein, are involved in spatial and fear learning next to their roles 
in stimulus salience and pair-bonding [375]. Indeed, while vasopressin in mammals increases 
anxiety and the consolidation of fear-memory, oxytocin may decrease anxiety and increase 
extinction of conditioned avoidance behaviour through opposite effects in the amygdala 
[124]. 
 Long-lasting elevated levels of cortisol may have a consequence for the regulation of 
the functional activity of forebrain areas in mammals mediated by the balance of MR and GR: 
while the functional activity of the hippocampus and medial prefrontal areas may decrease, 
that of the amygdala may increase [284]. The increased levels of cortisol in AB fish compared 
to TL fish are in line with this: decreased context-learning (present study) and increased 
anxiety and cue-learning [354]. While gene-expression levels of gr-α were increased in AB 
fish compared to TL fish, gene-expression levels of mr did not change (conform [43]), which 
leads to a decreased MR/GR-α ratio in AB fish compared to TL fish. It should be noted that 
MR/GR-α ratios are up-regulated under 1 or 2 weeks of chronic stress [199,259] emphasising 
again the differences between the effects of stressor-induced short-term increased levels 
cortisol and of long-lasting increases of the HPA-axis or HPI-axis. The decreased gene-
expression levels of bdnf in AB compared to TL may be associated with increased levels of 
GR-α. Activation of MR or GR-α may have different effects on BDNF: while MR activation 
stimulates bdnf expression, GR-α activation decreases bdnf expression [330]. For proper 
cognitive function, neural plasticity is critical to form a correct appraisal of a situation 
through learning [73]. The lower basal levels of bdnf transcripts in the telencephalon in AB 
fish may reflect less plasticity in AB fish. 
Post-task whole-body content and gene-expression levels
In addition to the increased basal levels of cortisol and concomitant changes in telencephalic 
gene-expression in AB fish compared to TL fish, which may concur with the absence of 
inhibitory avoidance behaviour, post-task changes may further help in understanding these 
differences. It should be noted that post-task changes may reflect different features in AB 
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and TL fish due to their differences in avoidance learning: while in TL changes may be related 
to consolidation and/or reconsolidation, in AB fish they may be related to acquisition and 
appraisal of the shock per se as no avoidance learning has occurred. Moreover, cognitive 
responses to stress and novelty that accompany learning may have attributed to the 
observed differences between TL and AB fish. While TL fish showed increased whole-body 
cortisol content 2 hours following the task, this did not occur in the AB fish (conform [43]). It 
should be noted that we did not observe an overall increase in whole-body cortisol content 2 
hours after the task compared to baseline in our one shock paradigm [198]. In a recent series 
of experiments using the two-shock paradigm we replicated the present finding (Chapter 
5). In line with the increased whole-body content in TL fish, and the absence of a change in 
AB fish, we observed changes in gene-expression related to the stress-axis in TL fish, while 
no or hardly any changes were observed in AB fish. Thus, crf-bp expression was strongly 
decreased in TL fish but only slightly so in AB fish, potentially leading to more availability of 
CRF in TL fish [128,200]. In addition, avt expression had strongly increased in TL fish but not 
AB fish, while in both ovt expression had slightly decreased. While gene-expression levels of 
gr-α (GR-α) were higher in TL fish but not AB fish, gene-expression levels of mr (MR) were 
lower in both strains, resulting in a strongly decreased MR/GR-α ratio in TL fish compared 
to AB fish. Whereas GR-α is involved in memory consolidation, MR is involved in memory 
formation and the retrieval of emotional information and fear expression [47,188,385]. The 
decreased ratio in TL fish after three days of inhibitory avoidance challenge may reflect 
memory consolidation. Indeed, increased ratios are associated with poor inhibitory avoidance 
learning following chronic stress [199]. This is also reflected in the increase of pcna in TL fish, 
which is related to plasticity [73]. 
 CART peptides have been implicated in a multitude of physiological responses including 
anxiety, regulation of the stress axis and feed intake [279]. In rodents up-regulation of Cart 
leads to intensified fear [147] and higher levels of Cart have been associated with enhanced 
learning and memory [343,373]. In line with this we have shown that cart4 expression (the 
most dominant of the cart paralogues in learning-related areas of the telencephalon [2]) 
was significantly higher in avoider than non-avoider fish when presented a 3-V shock [198]. 
However, AB fish do not show avoidance behaviour: in this respect the increased levels of 
cart4 expression in AB fish may reflect the impact of the shock per se, an effect that may also 
apply to the increase in TL and AB fish in cnr1.
 As a final note it should be mentioned that cortisol levels of AB fish were characterised 
by a higher variability than those of TL fish, both at baseline and post-task. Studies using a 
commercially obtained zebrafish strain of non-specified origin in a black and white preference 
test have shown that variability in cortisol levels increases when fish are tested individually 
compared to fish tested in groups of 3 [254]. These data suggest that shoaling has an effect 
on (the variability of) cortisol levels. Whether our data therefore reflect different effects of 
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shoaling per se in AB and TL fish remains to be studied. Yet, differences between TL and AB 
fish in the expression levels of oxt and avp, which are involved in regulating social behaviour 
[74,96,187,375] may already point to this possibility.
Concluding remarks
The present study clearly shows differences in inhibitory avoidance behaviour and baseline 
and post-task cortisol levels and gene-expression levels in fish from the AB and TL strain. 
Along with data from other studies [354] it may be suggested that AB fish are a good model 
to study the effects of long-lasting increased levels of cortisol: the behavioural, physiological 
and gene-expression phenotype of AB fish resembles symptoms of allostatic overload 
[217,322] and depression [267]. We are currently studying the development of the stress-axis 
in larvae from the TL and AB strain to unravel underlying mechanisms for these differences 
between AB and TL fish. 
 In summary, our results reflect the vast intra- and inter-strain genetic variability 
of zebrafish [105], and demonstrates that this variability has profound effects on genetic, 
physiological and behavioural responses. This notion advances the use of zebrafish as a 
model organism, strengthening the notion that the choice of strain to use has paramount 
impact on the outcome of the study. 
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Abstract 
Zebrafish (Danio rerio Hamilton) are increasingly used as model to study effects of chronic 
stress on brain and behaviour. In rodents unpredictable chronic stress (UCS) has a stronger 
effect on physiology and behaviour during the active phase than the resting phase. Here, 
we applied UCS during day-time (active phase) for 7 and 14 days or during the night-time 
(resting phase) for 7 nights in an in-house reared Tuebingen Long-Fin (TLF) zebrafish strain. 
Following UCS, inhibitory avoidance learning was assessed using a 3-day paradigm where 
fish learn to avoid swimming from a white to a black compartment where they will receive a 
3V shock. Latencies of entering the black compartment were recorded before training (day 1; 
first shock) and after training on day 2 (second shock) and day 3 (no shock, tissue sampling). 
Fish were sacrificed to quantify whole-body cortisol content and expression levels of genes 
related to stress, fear and anxiety in the telencephalon. Following 14 days UCS during the day, 
inhibitory avoidance learning decreased (lower latencies on day 2 and 3); minor effects were 
found following 7 days UCS. Following 7 nights UCS inhibitory avoidance learning decreased 
(lower latency on day 3). Whole-body cortisol levels showed a steady increase compared 
to controls (100%) from 7 days UCS (139%), 14 days UCS (174%) to 7 nights UCS (231%), 
suggestive of an increasing stress load. Only in the 7 nights UCS group expression levels 
of corticoid receptor genes (mr, gr-α, gr-β) and of bdnf were increased. These changes are 
discussed as adaptive mechanisms to maintain neuronal integrity and prevent overload, and 
indicative of a state of high stress load. Overall, our data suggest that stressors during the 
resting phase have a stronger impact than during the active phase. Our data warrant further 
studies on the effect of UCS on stress-axis related genes, especially gr-β; in mammals this 
receptor has been implicated in glucocorticoid resistance and depression. 
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Introduction
An upcoming research area is the use of zebrafish as a model to study the effects of chronic 
stress on brain and behaviour in relation to depression, anxiety and other mood-related 
disorders [48,91,92,244,263,324]. Zebrafish may be of interest for chronic stress research as 
they express two glucocorticoid receptors (GR), GR-α and GR-β, as humans do but not rodents 
[299,301]. GR-β has been associated with glucocorticoid resistance in humans relevant for 
a number of diseases including major depression [45,253,301,312,362,383]. Unpredictable 
chronic stress (UCS) impedes inhibitory avoidance learning in a single-trial inhibitory 
avoidance paradigm in the AB zebrafish strain [263]. In this paradigm fish learn to avoid 
swimming from a white to a black compartment to avoid an electric shock [26,241]. Recently, 
we studied the effects of different shock intensities on inhibitory avoidance learning in an 
in-house reared Tuebingen Long-Fin (TLF) zebrafish strain and showed associated changes 
in the regulation of a number of genes involved in anxiety, fear, learning and memory when 
measured 2 hours following the task, including gr-α [198]. In rats it has been shown that UCS 
has a stronger impact on physiology and behaviour when given during the resting phase than 
during the active (or awake) phase [10]. Zebrafish are active during day-time and rest during 
the night-time [130]. Disturbances during the night-time may negatively impact zebrafish 
behaviour [185,314]. We therefore studied the effects of day-time and night-time UCS on 
inhibitory avoidance learning, whole-body cortisol content and gene expression levels, 
notably gr-α and gr-β, in Tuebingen Long-Fin zebrafish to further assess the usefulness of 
zebrafish as an animal model in chronic stress related research.
 To induce chronic unpredictable stress we modified an earlier published UCS 
protocol [263] into a milder regime to prevent exhaustion interfering with avoidance learning 
[263]. We administered UCS for 7 or 14 days during the day-time. We predicted that 14 days 
of UCS would reduce inhibitory avoidance learning, increase whole body-cortisol content 
and change the expression of associated genes (see further on in the Introduction) more 
strongly than 7 days of UCS would. We also applied the UCS protocol during the night-time 
for 7 nights. We predicted that the UCS protocol applied during the night-time would have 
a stronger impact compared to application during the active phase (conform studies on rats 
[10]). Further, we extended our inhibitory avoidance protocol [198] with a second training 
session as multiple training sessions may improve the learning performance of zebrafish 
[9,365]. We therefore predicted that an additional training session would provide a better 
resolution of the effects of UCS on inhibitory avoidance learning. As in an earlier study [198] 
we assessed an array of genes in the telencephalon. Genes were selected on basis of their 
relation to the stress response, anxiety and fear as well as fear-conditioning [66,180,214,342] 
and include: brain derived neurotropic factor (bdnf), serotonin receptor 1ab (htr1ab), cocaine- 
and amphetamine-regulated transcript 4 (cart4), corticotropin-releasing factor (crf), crf-
binding protein (crf-bp), cannabinoid receptor 1 (cnr1), gr-α, gr-β and mineralocorticoid 
117
118
receptor (mr). The telencephalon was specifically chosen for its involvement in learning 
and memory as well as fear and fear-conditioning (lateral and medial zone of the dorsal 
pallium [35,234]). As many stress-related genes change their expression levels differentially 
in different parts of the brain, measuring gene expression in the telencephalon specifically 
provides a higher resolution compared to whole brain analysis regarding the effects of UCS 
on inhibitory avoidance learning.
Materials and methods
Ethical approval
Experimental procedures were approved by the ethical committee of Wageningen UR (DEC: 
2012010.b) and were conducted in line with Dutch laws (Wet op de Dierproeven 1996) and 
European regulations (Directive 86/609/ EEC)
Animals and housing
The fish used for this experiment an in-house reared Tuebingen Long-Fin (TLF) zebrafish 
strain. Fish were a mix of offspring from two parental couples and hatched within the same 
week. At the age of twelve months, 132 animals (mix of males and females) were pooled and 
randomly assigned to 33 aquaria (2 litre volume; 4 fish per tank). Three animals died during 
the acclimation period (8 weeks) resulting in 129 animals in the experiment. Fish used for the 
7 nights UCS were acclimated to the new photoperiod for 8 weeks prior to the start of the 
stress protocol. Each aquarium received an artificial floating plant and was provided with 
independent water in- and out-flow (Nijmegen tap water: 26°C, pH 8.0, 400 μS/cm); inflow 
water had passed a biological filter (300 litre volume). The day-time UCS group was kept 
under a photoperiod of 12L:12D (lights on from 07:00 to 19:00 hour) with feeding moments 
at 09:00 hour (Artemia) and 15:00 hour (TetraMin (Tetra, Melle, Germany)). The night-time 
UCS group was kept at an adjusted photoperiod of 12L:12D (lights on from 12:00 to 24:00 
hour) with feeding moments at 13.00 hour (Artemia) and 18:00 hour (TetraMin).
Experimental groups
Six experimental groups were used in the experiment. For practical reasons the night-time 
control and UCS fish were kept on a different photoperiod. The day-time UCS group consisted 
of four experimental groups: two day-time control groups (n=22 each), one 7 days UCS 
group (n=18) and one 14 days UCS group (n=26). To control whether no change in learning 
behaviour occurred over the course of the experiment and to replicate the data of the (first) 
control group we included a second control group at the end of the experiment. One control 
group was used at the start of the experiment, the other at the end. These groups did not 
show statistical differences in avoidance behaviour and, for this specific parameter, data were 
therefore pooled (n=44). Only the first group was used for whole-body cortisol content and 
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gene expression analysis. The night-time UCS group consisted of two experimental groups: 
a night-time control group (n=17) and a 7 nights UCS group (n=24). The night-time controls 
served to control for possible differences caused by the shift in photoperiod and potential 
effects related to the time of testing, i.e. inhibitory avoidance learning was assessed at 11.00 
hours for the day-time groups (4 hours after lights on) and at 15:00 hours for the night-time 
groups (3 hours after lights on).
Unpredictable Chronic Stress protocol
To induce UCS a previously published protocol was modified to a milder regime in order to 
prevent exhaustion which confounds avoidance learning [263]. Briefly, for a total of 7 days, 
14 days or 7 nights (Figure 1) stressors were submitted twice daily, at random times to a 
chosen challenges. All fish were given the same stressor on the same moment. Stressors 
included: rapidly (within one minute) heating tank water up to 33 °C for 30 minutes; rapidly 
(within one minute) cooling tank water down to 23 °C for 30 minutes; crowding of 20 fish 
for 60 minutes in a 500 ml beaker glass; netting stress for 30 minutes; lowered water levels 
(dorsal part of the body was air-exposed) for 15 minutes; three consecutive (bio filtered) 
water replacements with fish in their tank (i.e. fish and water were poured into a net, fish 
were returned to the aquarium and water was replenished), chasing fish for 2 x 5 minutes 
with a net (15 minutes rest in between); air-exposure for 3 x 1 minute (5 minutes rest in 
between), and fasting for 24 hours. Following some of the stressors (e.g. crowding), fish were 
randomly divided into new groups of four, giving an additional, social, stressor.
Inhibitory avoidance protocol
Please see the Inhibitory Avoidance Protocol (Chapter 4) for details on the (I) inhibitory 
avoidance paradigm, (II) avoider and non-avoider category, (III) tissue collection and 
preparation, (IV) analysis of whole body cortisol and (V) the analysis of gene expression For 
gene expression analysis the following genes were selected: bdnf, cart4, htr1ab gr-α, gr-β, mr, 
crf, crf-bp and cnr1. 
Day$%me(UCS(
Night$%me(UCS(
Fig.%1A%
FIGURE 1 | Schematic overview of the housing photoperiods. Shown are the two different 
photoperiods used for the day-time UCS and night-time UCS groups. Indicated are the 
phase in which UCS is applied and the times for feeding and inhibitory avoidance learning.
Day$%me(UCS(
Night$%me(UCS(
Fig.%1A%
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Statistical analysis
Statistical analyses were performed with IBM SPSS Statistics 21 for Mac (IBM, Armonk, USA). 
Data were plotted with GraphPad Prism 5.0 for Mac (GraphPad Software Inc., La Jolla, USA).
 As we introduced a cut-off point of 180 seconds, differences in latency times 
between groups were analysed with non-parametric tests: a Kruskal-Wallis test (followed by 
pair-wise comparisons) and a Mann-Whitney U-test for within group analysis between day 
1 and day 2, and day 2 and day 3, as we could not individually label the fish, which prevented 
pair-wise analyses. 
 Data for whole-body cortisol content and gene expression were subjected to 
Grubbs’ test for outliers (extreme studentised deviate) using a stringent criterion (α = 0.01). 
Changes in whole-body cortisol content and telencephalic gene expression were analysed 
using a one-way ANOVA. Post-hoc testing following significance was done by a Least Square 
Differences (LSD) post-hoc test [84]. 
 To assess interrelationships between gene expression levels and whole-body 
cortisol content we conducted a Principal Component Analysis (PCA) with orthogonal 
rotation (varimax with Kaiser normalisation). In case of missing samples data were excluded 
list-wise. The number of components to retain was based on their eigenvalue (> 1) and a 
visual inspection of the scree plot. Additionally, the Kayer-Meyer-Olkin (KMO) measure of 
sampling adequacy and Bartlett’s test of sphericity were run to ensure that the data obeyed 
analysis criteria. Component scores were saved and used for further analysis. The component 
loading cut-off point was -0.400 or 0.400 [84].
 In all cases, significance was accepted when p ≤ 0.05 (two-tailed) unless otherwise 
stated (i.e. adjusted α in case of multiple comparisons).
Results
General observations
No mortality was observed as a result of the UCS protocol. Fish appeared healthy, were 
active in their home tanks and accepted food directly.
 There were no fish that did not enter the black compartment on day 1. We observed 
no behavioural differences between groups during exposure to the shock: all groups showed 
erratic movements, seeking to escape or jumping out of the water when the shock was 
applied [198]. In addition, we did not observe any abnormal behaviour, like periods of freezing 
behaviour [144] on any of the test days. 
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Inhibitory avoidance learning and day-time UCS
To assess inhibitory avoidance learning, latency times of fish were recorded before training 
(day 1) and after training (day 2 and day 3; Figure 2). All fish entered the black compartment 
within 60 seconds on day 1, except one fish in the control group (80 seconds). Median 
latencies of groups ranged from 6 to 8 seconds. Mann-Whitney tests revealed no significant 
differences between groups (all p-values ≥ 0.16). 
 Compared to day 1, the median latencies of all groups on day 2 significantly increased, 
but notably strongest in the control group (all p-values ≤ 0.01). Furthermore, compared to 
the control group, the 7 days UCS group did not have lower median latencies (U = 288.5; p = 
0.09), while the 14 days UCS group had significantly lower median latencies (U = 328.5; p = 
0.003). There was no difference between the 7 days UCS group and 14 days UCS group (U = 
193; p = 0.33).
 On day 3, the second shock led to an increase in the median latencies in all groups, 
but only in the 7 days UCS group this increase was significant (U = 88; p = 0.02). The control 
group and 7 days UCS group showed no significant difference (U = 393.5; p = 0.97). However, 
the median latency of the 14 days UCS group remained significantly lower compared to the 
control group (U = 401.5; p = 0.03) but not to the 7 days UCS group (U = 162; p = 0.08).
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FIGURE 2 | Comparison of latencies (in seconds) to enter the black compartment of fish trained after 
control conditions (white squares; n =44), 7 days UCS (white dots; n=18) or 14 days UCS (white triangles; 
n =26). Data are presented as individual latencies; bars indicate group latency. Day 1 shows the initial latencies 
recorded without training, whereas day 2 shows the latencies after a single shock and day 3 sows latencies after 
two shocks. Capital letters above groups indicate significant differences assessed by a Kruskal-Wallis: groups that 
do not share corresponding letters are significantly different from each other. Asterisks (p ≤ 0.05 (*), p ≤ 0.01 (**) 
and p ≤ 0.001 (***)) indicate a significant increase in latency compared to the day before within a single treatment. 
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Inhibitory avoidance learning  and night-time UCS
To assess the effect of 7 nights UCS on inhibitory avoidance learning, latency times of fish 
were recorded before training (day 1) and after training (day 2 and day 3; Figure 3). All fish 
entered the black compartment within 60 seconds on day 1, except for one fish in the control 
group (89 seconds) and one fish in the 7 nights UCS group (169 seconds). On day 1, the 
median latency of the control group was not significantly different from the median latency 
of the 7 nights UCS group (U = 153; p = 0.18). 
 Compared to day 1, the median latencies on day 2 were significantly increased in 
both the control group (U = 72.50; p = 0.014) and the 7 nights UCS group (U = 65.50; p < 
0.0001). There was no significant difference between the median latencies of the control 
group and the 7 nights UCS group (U =203; p = 0.99) on day 2.
On day 3, the second shock did not lead to a significant increase in median latencies of the 
control group and the 7 nights UCS group when compared to day 2 (all p-values ≥ 0.24). 
However, the median latency of the 7 nights UCS group was significantly lower than the 
median latency of the control group (U = 130; p = 0.04). 
 When compared to the latencies of the 7 days UCS group, we found that the 
latencies of the 7 nights UCS group were also significantly lower (U = 140.5, p = 0.05), while 
they did not differ from the 14 days UCS group (U = 275.5, p = 0.48) on day 3.
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FIGURE 3 | Comparison of latencies (in seconds) to enter the black compartment of fish trained after 
control conditions (white squares; n=17), 7 nights UCS (black dots; n=24). Data are presented as individual 
latencies; bars indicate group medians. Day 1 shows the initial latencies recorded without training, whereas 
day 2 shows the latencies after a single shock and day 3 shows latencies after two shocks. Capital letters 
above groups indicate significant differences assessed by a Mann-Whitney U-test: groups that do not share 
corresponding letters are significantly different from each other. Asterisks (p ≤ 0.05 (*) and p ≤ 0.001 (***)) 
indicate a significant increase in latency from day 1 to day 2 or from day 2 to day 3 within a single treatment. 
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Whole-body cortisol content
Figure 4 shows the whole-body cortisol content for each group. The data show a gradual 
increase in cortisol levels from controls (100%) to 7 days UCS (139%), to 14 days UCS (174%) 
to 7 nights UCS (231%). Post-hoc analysis, following a significant one-way ANOVA (see Fig. 
2), revealed that the 7 nights UCS group had significantly higher levels of whole-body cortisol 
content compared to the control group and the 7 days UCS group, but not to the 14 days UCS 
group. We observed no further statistically significant differences.
Gene expression analysis: day-time and night-time UCS
Figure 5 shows the relative normalised gene expression profiles and mr/gr-α as well as gr-β/
gr-α ratios of the different groups. The figures exclude the following outliers as detected 
by Grubbs’ test: one control subject for cart4 (normalised expression 1.55); one 7 nights 
UCS subject for htr1ab (normalised expression 2.69) and one 7 days UCS subject for cnr1 
(normalised expression 1.48). For ease of reading, one-way ANOVA values and associated 
p-values are indicated in each panel of their respective figures. Fig. 5A (cart4): For cart4 we 
found that the 7 days UCS group had significantly higher levels of expression compared to 
the 7 nights UCS group and the control group, but not to the 14 days UCS group. Fig. 5B 
(htr1ab): The 7 days UCS had significantly higher levels of htr1ab expression compared to the 
control group, the 14 days UCS group and 7 nights UCS group. Fig. 5C (crf-bp): There was no 
significant effect on the expression levels of crf-bp. Fig. 5D (crf): For the expression levels of 
crf we did not observe significant differences between groups. Fig. 5E (bdnf): The 7 nights 
UCS group had significantly higher levels of bdnf expression compared to the control group, 
the 7 days UCS group and the 14 days UCS group. Fig. 5F (gr-β): For the 7 nights UCS group 
Control 7 days 14 days 7 Nights
0
50
100
150
200 ANOVA: F(3,42)=3.125; P=0.04
a a ab b
C
or
tis
ol
 (n
g/
g 
bo
dy
 w
ei
gh
t)
FIGURE 4 | Comparison of the whole-body cortisol content. Groups shown are the control group 
(white squares; n=9), the 7 days UCS group (white dots; n=8), the 14 days UCS group (black triangles; 
n=9) and the 7 nights UCS group (black dots; n=20). Bars represent group means. Letters above groups 
indicate significant differences assessed by a LSD post-hoc analysis following a significant one-way 
ANOVA: groups that not share corresponding letters are significantly different from each other (p ≤ 0.05). 
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we found significantly higher levels of gr-β expression compared to the control group, the 
7 days UCS group and the 14 days UCS group. Fig. 5G (cnr1): Following 14 days of UCS and 
7 nights of UCS we observed significantly higher levels of cnr1 expression compared to the 
7 days UCS group, but not to the control group. Fig. 5H (mr): The 7 nights UCS group had 
significantly higher levels of mr expression compared to the control group, the 7 days UCS 
group and the 14 days UCS group. Fig. 5I (gr-α): The gr-α expression was significantly higher 
in the 7 nights UCS group compared to the control group, the 7 days UCS group and the 14 
days UCS group. Fig. 5J (mr/gr-α ratio): There was no significant effect on the mr/gr-α ratio. 
Fig. 5K (gr-β/gr-α ratio): For the 7 nights UCS group we found a significantly higher gr-β/
gr-α ratio compared to the control group, the 7 days UCS group and the 14 days UCS group. 
Principal Component Analysis (PCA) 
We performed a PCA across the four different groups (control, 7 days UCS, 14 days UCS and 7 
nights UCS). Although the KMO measure was moderate for this dataset (KMO = 0.673); the 
Bartlett’s test of sphericity indicated that the correlations between items were sufficiently 
large for PCA (χ2 = 140.617, df = 45; p ≤ 0.0001). We extracted three components, which 
together explain 69.78% of variance (Table 1): cart4, htr1ab, crf-bp and crf loaded strongly 
on component 1; bdnf, gr-β, cnr1 and mr loaded strongly on component 2; mr, gr-α, crf and 
whole-body cortisol content loaded strongly on component 3. To assess the overall effect of 
these components, we ran a one-way ANOVA analysis for each of these components. This 
revealed a weak main effect for component 1 (F(3,32) = 2.329; p = 0.09). For component 2 a 
significant main effect was observed (F(3,32 = 10.060; p ≤  0.001). Post-hoc analysis (LSD) 
revealed that the 7 nights UCS group had significantly higher scores compared to the other 
three groups. No further statistical differences were observed. For component 3 a weak main 
effect was observed (F(3,32) = 2.808; p = 0.06). 
Variable
Component 1 
(34.53%)
Component  2 
(21.46%)
Component 3 
(13.80%)
cart4 0.883 0.059 -0.124
htr1ab 0.827 -0.224 -0.097
crf-bp 0.637 -0.149 0.105
bdnf -0.193 0.883 -0.015
gr-beta 0.234 0.799 0.198
cnr1 -0.396 0.681 -0.049
mr -0.240 0.646 0.562
gr-alpha -0.132 0.008 0.869
crf 0.461 0.038 0.781
cortisol -0.335 0.350 0.451
TABLE 1 | Variables loaded 
onto Components by 
a principal component 
analysis (PCA). Scores larger 
than 0.400 or smaller than 
-0.400 were accepted for 
loading onto a factor and are 
shown in black. This resulted 
in the loading of cart4, 
htr1ab, crf-bp and crf onto 
Component 1; the loading 
of bdnf, gr-β, cnr1 and mr 
onto Component 2; and the 
loading of mr, gr-α, crf and 
whole-body cortisol content 
onto Component 3. Note 
that crf and mr were loaded 
onto two components.
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FIGURE 5 | Comparison of the telencephalic gene expression. Groups shown are the control group (white squares; 
n n =8), the 7 days UCS group (white dots; n=8), the 14 days UCS group (white triangles; n=10) and the 7 nights UCS 
group (black dots; n=20). Bars represent group means. Letters above groups indicate significant differences assessed 
by a LSD post-hoc analysis following a significant one-way ANOVA: groups that not share corresponding letters are 
significantly different from each other (p ≤ 0.05). Note that figure 4J-K display ratios and not actual gene expression levels.
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FIGURE 5 | Comparison of the telencephalic gene expression. Groups shown are the control group 
(white squares; n n =8), the 7 days UCS group (white dots; n=8), the 14 days UCS group (white triangles; 
n=10) and the 7 nights UCS group (black dots; n=20). Bars represent group means. Letters above groups 
indicate significant differences assessed by a LSD post-hoc analysis following a significant one-way 
ANOVA: groups that not share corresponding letters are significantly different from each other (p ≤ 0.05). 
Note that figure 4J-K display ratios and not actual gene expression levels.
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Discussion 
We assessed the effects of day-time and night-time UCS on inhibitory avoidance learning, 
whole-body cortisol levels and gene expression in an in-house reared TLF zebrafish strain. 
Both 14 days and 7 nights of UCS resulted in poorer inhibitory avoidance learning compared to 
the control group. While whole-body cortisol content was moderately (but not significantly) 
increased in the 14 days UCS group, it had significantly increased in the 7 nights UCS group. 
Only in 7 nights UCS groups the expression levels of bdnf, gr-β, mr and gr-α had increased 
compared to the controls. In both the 14 days UCS and 7 nights UCS group cnr1 levels had 
increased compared to the 7 days UCS group. Seven days of UCS had only a small effect on 
learning and whole-body cortisol content, and showed increased expression levels of cart4 
and htr1ab compared to controls or 14 days of UCS and 7 nights of UCS. 
Inhibitory avoidance learning 
All fish tolerated the UCS protocol well, as we did not see any abnormal behaviour or 
mortality. Independently of the UCS protocol, all fish quickly entered the dark compartment 
on day 1, as was their expected preference [321], showing that UCS had no effect on anxiety 
per se. The UCS protocol applied appeared to be effective as we observed a moderate (14 days) 
to strong (7 nights) increase in whole-body cortisol content, and poorer inhibitory avoidance 
learning following 14 days or 7 nights of UCS [263]. Seven days of UCS only had minor effects 
on inhibitory avoidance learning and led to a small increase in whole-body cortisol content. 
These results are in line with our prediction that our UCS regime would have a strong effect 
after 14 days, but not after 7 days. Also in line with our prediction, the effects of UCS were 
stronger when given in the night-time than the day-time: while we observed a minor effect 
in the 7 days UCS group on day 2, which disappeared on day 3, we observed a clear effect 
on day 3 in the 7 nights UCS group. Fish exposed to 7 days UCS significantly improved their 
performance on day 3, whereas those exposed to 7 nights UCS did not. Thus extending the 
inhibitory avoidance protocol in time allowed for a more precise discrimination of UCS 
effects [9,365].
 Our data support earlier studies in zebrafish that showed that disturbances during 
the night negatively impact zebrafish behaviour [185,314]. Furthermore in rats UCS during 
the resting phase has more impact than during the active phase [10]. Interestingly, in mice 
repeated social defeat had a more pronounced negative outcome when applied during the 
active phase [18]. Differences in inhibitory avoidance learning could be related to differences 
in responsiveness of the stress-axis during the day-time and night-time. Studies in Green 
sturgeon (Acipenser medirostris) [171], Sole (Solea senegalensis) [184] and the African catfish 
(Clarias gariepinus) (Chapter 3) have shown that the physiological responses (e.g. cortisol 
release) to a stressor are stronger during the resting phase compared to the active phase and 
that genes related to the stress-axis are differently expressed. We suggest that this repeated 
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stronger physiological response in addition to a (potential) disruption of the sleep-wake 
cycle may have caused the UCS protocol to impose a greater stress load, i.e. allostatic load 
[161], on the fish when applied during the night compared to the day. 
Gene expression 
While we only observed minor effects on the expression levels of crf (p = 0.06), the overal 
expression appeared increased in the UCS groups, most notably in the 7 days UCS (significant 
to control: p = 0.01). This weak effect of UCS on crf expression seems at variance with the 
literature as crf expression has been shown to strongly increase following UCS [48,263]. 
Reasons underlying these differences may be related to sampling procedures: while we 
sampled the telencephalon specifically, others sampled the whole brain [48,263]. Expression 
of crf can be found in many different areas outside the telencephalon [4], areas which may 
differently respond to chronic stress. It has been shown in rats that in both the amygdala 
and hippocampus, two forebrain areas, ERK1/2 activity (an effector molecule in the actions 
of CRF) is decreased after 2 weeks of UCS but not after 4 weeks [46]; a temporally differential 
effect akin to what we observe in our present study (7 days versus 14 days UCS). Thus, in 
the telencephalon a short duration or lower stress load (7 days UCS) may lead to different 
adaptive changes than a longer duration or higher stress load (14 days UCS and 7 nights 
UCS) at the level of crf expression. As we sampled following the task, while others sampled 
independent of the task, our data may also reflect an interaction between the UCS protocol 
and the task, rather than reflect effects of UCS per se. Thus, it is possible that changes in crf 
expression which we observed are not solely related to UCS. At least for the 7 days of UCS 
group, the crf increase observed here may be related to learning and memory [269] as there 
was a significant improvement in avoidance learning on day three compared to day two. In 
support of this, expression levels of htr1ab [252] and cart4 [343,373], shown to be involved 
in learning and memory as well, also significantly increased in the 7 days UCS group. This 
hypothesis is strengthened by the loading of these genes (along with crf-bp, which likely 
follows the expression pattern of crf) onto the same component in the PCA.
 Following 7 nights of UCS we found increased expression levels of gr-α, gr-β, mr, 
bdnf and cnr1. Interestingly, gr-β, mr, bdnf and cnr1 loaded onto the same component in 
the PCA. In our earlier experiments, concerning the effects on inhibitory avoidance learning 
of different shock intensities, gr-β and bdnf also loaded onto the same component [198], 
supporting the present data. The loading of these genes onto a single component and their 
similar changes following 7 nights of UCS, suggest that they may be associated in the context 
of a high stress-load as deduced from the strong increase in whole-body cortisol following 7 
nights of UCS. While most studies in rodents show that chronic stress decreases expression 
of bdnf [330], an increase in bdnf following UCS is not unprecedented for zebrafish [48]. 
Interestingly, it has been suggested that activation of MR or GR-α may have different effects 
129
CHAPTER 07
on BDNF: while MR activation stimulates bdnf expression, GR-α activation decreases bdnf 
expression [330]. Accordingly, the increase in bdnf expression in our present study may be a 
result of a stronger increase in mr than gr-α expression, which is supported by the increased 
mr/gr-α ratio following 7 nights of UCS (p = 0.02, versus control). Under basal conditions, 
telencephalic MR is fully occupied to maintain basal neuronal activity [274]; an increased 
level of mr and gr-α, and the accompanying increase in bdnf expression following 7 nights of 
UCS may be a means to maintain neuronal integrity under chronic stress. It has indeed been 
suggested that an increase in bdnf is a compensatory mechanism that allows to develop an 
inhibitory phenotype by contributing to the upregulation of inhibitory mechanisms [218]. 
The increased expression of gr-β also seems to be in line with these protective changes as it 
has been suggested that GR-β exerts a dominant-negative activity over GR-α [301]. Increased 
expression levels of gr-β could therefore be a mechanism to protect the brain against chronic 
elevated glucocorticoid exposure. This hypothesis is supported by the observed increase in 
the gr-β/gr-α ratio in the 7 nights UCS group, which is indicative of a stronger increase in 
the expression of gr-β compared to gr-α. However, this increase in gr-β is suggested to be 
mediated by pro-inflammatory cytokines [362] and may lead to glucocorticoid resistance 
associated with several diseases, among them major depression [45,383]. Thus, the present 
data raise the question to what extent the observed effects are indicative for liability of 
disease in our 7 nights UCS subjects.
 For cnr1 we observed an increased expression in the 14 days and 7 nights UCS group 
when compared to the 7 days UCS group. Studies in rodents have shown the involvement 
of the endocannabinoid system in the regulation of the stress response during chronic 
stress and recovery [98,115,176]. For example, CB1 (CNR1 in zebrafish) was down-regulated 
in the rat hippocampus during chronic stress, while it was up-regulated during the recovery 
period [176]. As we have measured gene expression three days after terminating the UCS 
protocol, the effects we observe may be due to up-regulation during the recovery period. The 
lack of increase in the 7 days UCS group may reflect that these fish have already recovered 
as suggested by their avoidance learning. Further studies focussing on chronic stress and 
CNR1 in zebrafish seem warranted. Studies on mammals have also shown that CB1 is 
associated with pain and pain perception, where activation of CB1 reduces pain sensitivity 
[86,104,366]. Higher levels of CNR1 could contribute to poorer inhibitory avoidance learning 
as the paradigm is based on a potentially noxious stimulus (i.e. electric shock), although as 
indicated we did not see any differences in the behavioural response to receiving the shock. 
We observed that mr, gr-α, crf and whole-body cortisol content loaded onto the same 
component in the PCA. In our earlier experiments we also found that mr and gr-α loaded onto 
the same component [198] strengthening our current observation. MR is involved in the early 
stages of stress-related changes while GR-α is key in long-term changes and normalisation 
following stress [65,136]. Still our data suggest a relation between these receptors in our 
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experiments [without stress [198] and with stress (reported here)]. Thus, this relation may 
also be the result of an interaction of the UCS with the task, as both MR and GR are involved 
in learning and memory [47,117,188,384]. The relative balance between these receptors affects 
memory in adults and changes in the mr/gr-α ratio have been associated with decreased 
learning and memory [66,189]. Previous studies have shown that chronic stress in zebrafish 
increases the mr/gr-α ratio [259]. Although we did not find a strong overall effect on the mr/
gr-α ratio here, we did see a steady increase in this ratio with increasing stress load (reflected 
by whole-body cortisol content). This may have contributed to the decrease in avoidance 
learning, which is supported by the fact that we did see a significant higher mr/gr-α ratio 
when comparing the 7 nights UCS group to the control group specifically (p = 0.02). These 
results warrant further studies focussing on the mr/gr-α ratio and how this is involved in 
learning and memory in zebrafish.
Putative mechanisms
Several mechanisms may be proposed to underlie the effects of chronic stress on avoidance 
learning. First, chronic stress may change the appraisal of the shock. In rodents chronic 
stress has been shown to increase anxiety and fear-conditioning accompanied by changes 
in synaptic activity in the amygdala [283], which find their homologue in the medial zone 
of the dorsal pallium of the teleostean telencephalon [234]. We did not observe differences 
between groups on day 1 (latency to enter the dark compartment; anxiety) nor differences 
between groups concerning their behavioural response to receiving the shock. Moreover, 
we observed decreased rather than increased avoidance learning, making chronic stress-
induced hypersensitivity in sensory processing or appraisal unlikely in our study. Second, 
increased levels of cortisol may lead to atrophy, decreased proliferation and changes in 
synaptic meta-plasticity in the dorsal zone of the lateral pallium (the teleostean homologue 
of the hippocampus) as is described for the rat hippocampus [66,164,190,192,216,372]. The 
hippocampus plays an important role in the formation and retrieval of memory related to 
contextual fear learning [367], but not cue learning [250]. Context and place learning is what 
likely underlies our paradigm, as we did not use an explicit cue to signal the shock [8,315,371]. 
Accordingly, the dorsal zone of the lateral pallium may be affected, and this could have 
disrupted contextual shock learning. Future studies should determine this in greater detail.
Limitations
We measured gene expression levels following inhibitory avoidance. We reasoned that 
differences in gene expression between the control group and UCS groups would be closely 
associated with differences in inhibitory avoidance learning between the control group and 
UCS groups. We did not aim to optimize the time point of sampling to detect the effects 
of inhibitory avoidance learning on gene expression. We therefore only measured gene 
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expression levels at a single time-point: 2 hours following inhibitory avoidance. This time-
window was chosen based on a study by Morsink and colleagues [232] who showed that 
between one and three hours following a challenge a sufficient number of genes show 
changes in expression. Future studies may therefore examine the temporal dynamics of 
gene expression following testing, combined with analyses prior to inhibitory avoidance 
learning. This could also include the analysis of gene expression in separate regions of the 
telencephalon rather than the whole telencephalon [8]. The effects on gene expression levels 
that we observed should therefore currently be regarded as starting point for subsequent 
research rather than as conclusive evidence. 
Concluding remarks
Reproducibility of results within and between laboratories is crucial for advancing the field of 
behaviour and genetics [58,195,360]. The zebrafish is a relatively new model in genetics and 
brain-behaviour research and differences between strains of zebrafish [75,354,360] as well 
as rearing conditions within and between laboratories [193,257,258] may affect the outcome 
of experiments. Our data strongly suggest that at a behavioural and physiological level 
the UCS protocol is robust and reproducible in decreasing inhibitory learning and elevating 
whole-body cortisol content across strains of zebrafish, i.e. TLF strain used in our study and 
the AB strain in the study of Piato and colleagues [263], which is critical for advancing the 
zebrafish as model for brain-behaviour studies associated with depression, anxiety and other 
mood-related disorders [48,91,92,244,263]. In addition, our data reveal that the reduction 
in inhibitory avoidance learning relates to increasing levels of stress load. However, only 
after a strong stress load (i.e. 7 nights UCS) we observed clear changes in telencephalic gene 
expression. These observations offer a selection of candidate genes (e.g. bdnf, mr, gr-β and 
cnr1) to be studied in more detail in future studies. 
Acknowledgements
The authors thank F.A. Tom Spanings (Radboud University Nijmegen) for excellent 
organisation of fish husbandry and ample technical assistance. This study was financially 
supported by NWO (programme: Value of animal welfare; Project number: 827.09.040). 
Further support came from the Norwegian Research Council (grant number 190469) 
(L.O.E.E.) and by the EU Seventh Framework Programme (FP7/2010–2014) under Grant 
Agreement No. 265957 – COPEWELL (L.O.E.E.; M.G. and G.F.)

CHAPTER 08
Exposure to continuous light reduces 
inhibitory avoidance learning in zebrafish
Remy Manuel
Marnix Gorissen
Jan Zethof
Hans van de Vis 
Gert Flik 
Ruud van den Bos
Unpublished data
Abstract
All organisms, from bacteria and plants to humans have internal, so-called circadian, clocks. 
Changes in the light-dark cycle cause changes in the synchronisation of these circadian 
rhythms, which may result in inappropriate responses to challenges and a reduction in 
cognitive performance. Sleep deprivation leads to reduced cognitive performance in zebrafish 
and is induced by waking fish during their resting period. Recently, 24 hours of continuous 
light has been used to induce a sleep-deprived like state which was associated with increased 
activity and anxiety-like behaviour. Yet, the effects of continuous light exposure on cognitive 
functioning in fish remain unclear. Therefore, we assessed the effects of continuous light 
exposure on cognitive functioning by housing zebrafish for 7 days or 42 days under continuous 
light conditions (and assessed inhibitory avoidance learning. The data show that 7 days of 
continuous light exposure had no effect on inhibitory avoidance learning, but that expression 
levels of htr1ab, gr-β and mr had increased and that of cart4 decreased. Following 42 days 
of continuous light inhibitory avoidance learning was strongly reduced. The reduction in 
avoidance learning was associated with changes in telencephalic expression of genes related 
to the functioning of the stress-axis; compared to controls we observed higher expression 
levels of crf, crf-bp, gr-α and gr-β, as well as a reduction in the mr/gr-α ratio. In addition we 
found a higher level of cnr1 expression. Adding unpredictable chronic stress to last week of 
the 42 days of continuous light group did not further reduce avoidance learning. However, 
we did observe an increased expression level for crf, htr1ab and cart4 along with a decrease 
in bdnf expression.  Overall the data show that exposure to continuous light  causes reduced 
inhibitory avoidance learning which is associated with changes in the expression of stress-
related genes.
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Introduction
All organisms, from bacteria and plants to humans have internal, so-called circadian, clocks, 
which respond to the day-night cycle [278,376]. Clocks secure temporal entrainment to 
regulate and optimize physiological processes in accordance with required activity patterns 
that differ during the day and night, and this holds for single cells, cells in an organism up 
to whole ecosystems [278]. It follows that circadian rhythms are crucial in fish adaptation 
to environmental cues and that changes in photoperiod may thus result in inadequate 
responses to challenges [148,363] which can lead to a greater allostatic load [215].
 In vertebrates, clocks are found in a variety of cells and tissues; in mammals, the 
hypothalamus harbours a ‘master’ clock, the major circadian pacemaker entrained every 
day to the solar cycle, the major Zeitgeber, next to others such as appetite, food intake or 
social cues [102,240,320]. In (zebra-)fish a central analogue of the suprachiasmatic nuclei 
of mammals [95] has not been demonstrated, but a more diffuse system of brain regions 
equipped with deep brain photoreceptors appears to contain directly light-entrainable 
circadian pacemakers [231]. The fish pineal gland does harbour a clock that acts independent 
of hypothalamic centres and secretes melatonin as chemical signal during the dark [352] and 
when exposed to light melatonin secretion is suppressed [80,185]. 
 Similar to the situation in mammals, it has been suggested that melatonin induces 
a sleep-like state in zebrafish [382] and exposure to continuous light for 24 hours has been 
proposed to induce sleep deprivation or a similar state in zebrafish [314,381]. Although it is 
still unclear to what extent fish suffer from reduced sleep, studies have shown that zebrafish 
compensate for lost sleep-hours by increasing their rest-like state afterwards [381]. In 
addition, following a 24-hour period of light exposure, fish display disturbed behaviour (i.e. 
reduced activity, increased sleep-like state and an increased arousal threshold) as well as a 
reduced cognitive functioning (i.e. reduced conditioned place preference) the day following 
sleep-deprivation [185,314,381]. 
 Although short-term (24 hours) exposure to continuous light conditions has been 
used to induce a sleep-deprived-like state [314], to the best of our knowledge no studies 
focussed on learning- and memory-related tasks in fish following longer periods (weeks) of 
continuous light exposure. Therefore, we investigated the effects of prolonged light hours 
(i.e. 24L:0D) on inhibitory avoidance learning in zebrafish. We housed zebrafish for 7 and 
42 days under a normal day-night cycle (12L:12D) or under prolonged light hours (24L:0D) 
and assessed their performance in an inhibitory avoidance paradigm [26,198,199,241,263]. We 
hypothesise, that following exposure to continuous light for 7 or 42 days, zebrafish will show 
less inhibitory avoidance learning due to reduced cognition associated with a loss of sleep 
[185,314,381]. In addition, we previously observed a stronger effects of unpredictable chronic 
stress (UCS) on inhibitory avoidance learning in zebrafish when this was given during the 
resting phase (darkness), compared to the active phase (light) (Chapter 7) [199]. 
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We hypothesised that denying zebrafish a proper resting period to recover from challenges 
may have been a strong contributor to the increased effect observed of UCS given during 
the night-time compared to the day-time. Therefore, in addition to 42 days of continuous 
light exposure, we applied 7 days of UCS during the last week and hypothesise that this will 
further reduce performance compared to 42 days of continuous light only.
Material and methods
Ethical approval
Experimental procedures were approved by the ethical committee of Wageningen UR (DEC: 
2012010.b) and were conducted in line with Dutch laws (Wet op de Dierproeven 1996) and 
European regulations (Directive 86/609/ EEC)
Animals and housing
We used an in-house reared Tupfel Long-Fin (TL) zebrafish strain in this experiment. Fish 
were a mix of offspring from two parental couples and hatched within the same week. At 
the age of twelve months, 88 animals (mixed sex) were pooled and randomly assigned to 22 
2-litre aquaria (4 fish per tank). Two animals died during the acclimation period (8 weeks) 
resulting in 86 animals used in the actual experiment. Each aquarium received an artificial 
floating plant and was provided with independent water in- and outflow (26 °C, pH 8.0); 
inflow water had passed a biological filter (300-litre volume). The control group was kept 
under a photoperiod of 12L:12D (lights on from 07:00 to 19:00 hour) and the continuous light 
groups under continuous light. All groups were fed at 09:00 hour (Artemia sp. and TetraMin 
(Tetra, Melle, Germany)) and 15:00 hour (TetraMin only). 
Experimental groups
Five experimental groups were used in the experiment, all of which were exposed to the 
inhibitory avoidance paradigm on a Monday, starting at 11.00 hours. We used two control 
groups: one group was assessed in week 1 (before all experimental groups), the other in week 
9 (after all experimental groups). As the control groups did not show statistical differences 
in avoidance behaviour the recorded data were pooled (n = 44). The experimental groups 
consisted of three separate groups: one group was housed under continuous light  for 7 days 
(7 days light; n = 14; week 2), one group was housed under continuous light for 42 days (42 
days light; n = 14; week 7) and one group was housed under continuous light for 42 days, and 
were exposed to an unpredictable chronic stress (UCS) protocol during the last week (42 days 
light with 7 days UCS (day 35-42); n = 14; week 8). 
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Inhibitory avoidance protocol
Please see the Inhibitory Avoidance Protocol (Chapter 4) for details on the (I) inhibitory 
avoidance paradigm, (II) avoider and non-avoider category, (III) tissue collection and 
preparation, (IV) analysis of whole body cortisol and (V) the analysis of gene expression 
For gene expression analysis only the first of two control groups was used. We selected the 
following genes based on their involvement in stress physiology and learning: bdnf, cart4, 
htr1ab gr-α, gr-β, mr, crf, crf-bp and cnr1. 
Statistical analysis
Statistical analyses were performed with IBM SPSS Statistics 21 for Mac (IBM, Armonk, USA). 
Data were plotted with GraphPad Prism 5.0 for Mac (GraphPad Software Inc., La Jolla, USA).
 Control, 7 days light and 42 days light. As we introduced a cut-off point of 180 
seconds, differences in latency times between groups were analysed with non-parametric 
tests: a Kruskal-Wallis test (followed by Dunn’s multiple comparison post-hoc test) to assess 
differences between groups on a given day and a Mann-Whitney U-test for within group 
analysis between day 1 and day 2, and day 2 and day 3, as we could not individually label the 
fish, which prevented pair-wise analyses. Data for gene expression were subjected to Grubbs’ 
test to detect the odd outlier (extreme studentised deviate) using a stringent criterion (α = 
0.01). Changes in telencephalic gene expression were analysed using one-way analysis of 
variance (ANOVA). Post-hoc testing was done by Student-Newman-Keuls (SNK) post-hoc 
tests [84]. 
 42 days and 42 days + UCS. As we introduced a cut-off point of 180 seconds, 
differences in latency times between groups were analysed with non-parametric tests: A 
Mann-Whitney U-test was used to assess differences between groups on each day and to 
perform within group analysis between day 1 and day 2, and day 2 and day 3, as we could 
not individually label the fish, which prevented pair-wise analyses. Data for gene expression 
were subjected to Grubbs’ test to detect outliers (extreme studentised deviate) using a 
stringent criterion (α = 0.01). Changes in telencephalic gene expression were analysed using 
a Student’s t-test (parametric) or a Mann-Whitney U-test (non-parametric).
 In all cases, significance was accepted at p ≤ 0.05 (two-tailed) unless otherwise 
stated (i.e. adjusted α in case of multiple comparisons).
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Results
General observations
No mortality was observed during the experiment. Fish appeared healthy, were active in 
their home tanks and accepted food directly. Four fish in the 42 days light group did not 
enter the black compartment on day 1 within 180 seconds and were removed from further 
experimentation. We observed no behavioural differences between groups during exposure 
to the shock: all groups showed erratic movements, seeking to escape or trying to jump out 
of the water when the shock was applied [198]. 
Inhibitory avoidance learning 
Inhibitory avoidance: control, 7 days light and 42 days light
To assess inhibitory avoidance learning, latency times of fish were recorded before training 
(day 1) and after training (day 2 and day 3; Figure 1A). All fish entered the black compartment 
within 60 seconds on day 1, except one fish in the control group (80 seconds), one fish in 
the 7 days light group (81 seconds) and one fish in the 42 days light group (114 seconds). 
Median latencies of groups ranged from 7 to 11.5 seconds. A Kruskal-Wallis test revealed no 
significant differences between groups on the first day (H = 1.938; p =0.38). 
 Compared to day 1, the median latencies on day 2 of both the control group (p 
≤ 0.0001) and the 7 days light group (p = 0.03), but not the 42 days light group (p = 0.17) 
increased significantly. The increase was strongest in the control group. However, a Kruskal-
Wallis test did not reveal significant differences in latency times between groups on the 
second day (H = 1.192 ; p = 0.55).
 On day 3, the second shock did not significantly increase the median latencies in any 
of the groups compared to day 2. However, a significant Kruskal-Wallis followed by a Dunn’s 
multiple comparisons test revealed that the 42 days light group had a significantly lower 
latency time compared to both the control group and the 7 days light group on the third day 
(H = 7.363 ; p =0.03). 
Inhibitory avoidance: 42 days light and 42 days light + UCS 
To assess inhibitory avoidance learning, latency times of fish were recorded before training 
(day 1) and after training (day 2 and day 3; Figure 1B). All fish entered the black compartment 
within 60 seconds on day 1, except one fish in the 42 days light group (114 seconds). Median 
latencies of groups ranged from 8 to 11.5 seconds. A Mann-Whitney U-test revealed no 
significant differences between groups on the first day (p = 0.45). 
 Compared to day 1, the median latencies on day 2 of both the 42 days light group 
and the 42 days light including 7 days UCS group did not significantly increase. A Mann-
Whitney U-test revealed no differences between groups on the second day (p = 0.06).
On day 3, the second shock did not significantly increase the median latencies of the 42 
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days light group and the 42 days light including 7 days UCS group. A Mann-Whitney U-test 
revealed no significant differences between groups on the second day (p = 0.33).
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FIGURE 1 | Comparison of latencies (in seconds) to enter the black compartment. (A) shows fish trained 
after control conditions (black dots), 7 days light (white squares) or 42 days light (white dots); (B) shows 
fish trained after 42 days light (white dots) or 42 days light including 7 days UCS (black diamonds). Results are 
plotted as individual latencies and the black horizontal lines represent medians; we introduced a cut-off point 
at 180 seconds. Day 1 shows the initial latencies recorded without training, whereas day 2 and day 3 show the 
latencies after one or two shocks. Capital letters above groups indicate significant differences assessed on a 
given day: groups that do not share corresponding letters are significantly different from each other (p ≤ 0.05).
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Gene expression analysis: Control, 7 days light and 42 days light
Figure 2 shows the relative normalised gene expression profiles and mr/gr-α as well as gr-β/
gr-α ratios of the different groups (control, 7 days light and 42 days light). The figures exclude 
the following outliers as detected by Grubbs’ test: one control subject for cart4 (normalised 
expression 1.55) and one 7 days light subject for cnr1 (normalised expression 0.16). For ease 
of reading, one-way ANOVA results and associated p-values are indicated in each panel of 
the respective figures. 
 Fig. 2A (bdnf): We observed no significant differences in the expression of bdnf 
between groups. Fig. 2B (htr1ab): Expression levels of htr1ab were significantly higher in the 
7 days light group compared to both the control group and the 42 days light group. Fig. 2C 
(cart4): The expression of cart4 was significantly lower in the 7 days light group compared to 
the control group and the 42 days light group. Fig. 2D-G (cnr1, crf, crf-bp, gr-α): Compared 
to both the control group and the 7 days light group, expression levels of cnr1, crf, crf-bp 
and gr-α were significantly higher for the 42 days light group. Fig. 2H (gr-β): The expression 
level of gr-β was significantly different between all three groups. The highest expression was 
observed in the 7 days light group, the lowest in the control group and the expression level of 
the 42 days light group fell in between of the other two groups. Fig. 2I (mr): The expression 
level of mr was significantly higher for the 7 days light group compared to both the control 
group and the 42 days light group
 For the mr/gr-α ratio (Fig. 2J) and gr-β/gr-α ratio (Fig. 2K) we observed that the 
mr/gr-α ratio was significantly lower in the 42 days light group compared to both the control 
group and the 7 days light group. The gr-β/gr-α ratio was significantly higher for the 7 days 
light group compared to both the control group and the 42 days light group.
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FIGURE 2 | Comparison of the telencephalic gene expression. Groups shown are the control group (black 
dots), the 7 days light group (white squares), the 42 days light group (white dots). Data are plotted as individual 
data points and bars represent group means. Letters above groups indicate significant differences assessed by a 
SNK post-hoc analysis (F) or a Dunn’s post-hoc analysis (H) following a significant one-way ANOVA (F) or Kruskal-
Wallis (H): groups that not share corresponding letters are significantly different from each other (p ≤ 0.05)
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FIGURE 2 | Comparison of the telencephalic gene expression. Groups shown are the control group (black 
dots), the 7 days light group (white squares), the 42 days light group (white dots). Data are plotted as individual 
data points and bars represent group means. Letters above groups indicate significant differences assessed by a 
SNK post-hoc analysis (F) or a Dunn’s post-hoc analysis (H) following a significant one-way ANOVA (F) or Kruskal-
Wallis (H): groups that not share corresponding letters are significantly different from each other (p ≤ 0.05)
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Gene expression analysis: 42 days light and 42 days light + UCS
Table 1 lists the statistical analysis of the expression levels of genes following inhibitory 
avoidance learning between housing under 42 days light or 42 days light including 7 days of 
UCS. For ease of reading, statistical analyses are shown in the table only. Compared to the 42 
days light group, we observed a significantly lower expression level of bdnf and significantly 
higher expression levels for htr1ab, cart4 and crf in the 42 days + UCS group. We observed 
neither significant differences in the expression levels of cnr1, crf-bp, gr-α, gr-β and mr nor in 
the mr/gr-α and gr-β/gr-α ratio’s.
Discussion
Here we report that inhibitory avoidance learning is unaffected following 7 days of continuous 
light exposure, whereas 42 days of continuous light exposure strongly reduced inhibitory 
avoidance learning compared to the control group (12L:12D). In addition, compared to the 
control group, expression levels in the telencephalon changed after 7 days of light for htr1ab, 
cart4, mr, gr-β and the gr-β/gr-α ratio, and after 42 days of light for crf, crf-bp, cnr1, gr-α and 
the mr/gr-α ratio. Applying 7 days of UCS (day 35-42) on top of the 42 days of light did not 
further affect inhibitory avoidance behaviour, but did alter the expression of bdnf, htr1ab, 
cart4 and crf in the telencephalon compared to 42 days of continuous light only.
42 days 42 days + UCS Statistics
bdnf 0.78 ( ± 0.14 ) 0.68 ( ± 0.15 ) U = 33.00; P = 0.05
htr1ab 0.92 ( ± 0.36 ) 1.52 ( ± 0.35 ) t = 4.020; df = 21; P = 0.0006
cart4 0.78 ( ± 0.31 ) 1.36 ( ± 0.39 ) U = 15.00; P = 0.002
cnr1 1.13 ( ± 0.30 ) 1.12 ( ± 0.39 ) n.s.
crf 0.62 ( ± 0.25 ) 1.25 ( ± 0.71 ) t = 2.952; df = 15; P = 0.01
crf-bp 0.85 ( ± 0.38 ) 1.14 ( ± 0.53 ) n.s.
gr-α 1.26 ( ± 0.22 ) 1.30 ( ± 0.30 ) n.s.
gr-β 1.04 ( ± 0.26 ) 0.94 ( ± 0.24 ) n.s.
mr 1.01 ( ± 0.19 ) 0.99 ( ± 0.29 ) n.s.
mr/gr-α 0.33 ( ± 0.08 ) 0.33 ( ± 0.08 ) n.s.
gr-β/gr-α 0.06 ( ± 0.02 ) 0.05 ( ± 0.02 ) n.s.
TABLE 1 | Gene expression comparison between 42 days light and 42 days light including 
7 days UCS. Differences are assessed by Student’s t-test (t =) or a Mann-Whitney U test (U =).
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Seven days light and 42 days light
We hypothesised that 7 days of light and 42 days of light would reduce inhibitory avoidance 
learning. Here we report that 42 days of continuous light indeed does disrupt avoidance 
learning, but no clear behavioural effects were observed for 7 days of continuous light 
exposure. However, we did observe some changes in telencephalic gene expression following 
7 days of continuous light, which were different from the genes that changed following 42 
days of continuous light. For example, compared to controls we observed an increase in 
the expression level of htr1ab and a decrease in the expression level of cart4. Interestingly, 
these genes were also differentially expressed following 7 days of unpredictable chronic 
stress (UCS; Chapter 7) without directly affecting inhibitory avoidance learning. In addition, 
applying UCS in the last week of 42 days of continuous light also changed the expression 
of these two genes (discussed later). In Chapter 7 we hypothesised that their increase was 
associated with the improvement in performance between a single shock and two shocks. 
In the current study, such an improvement in performance was not observed. Moreover, 
following 7 days of UCS cart4 expression levels were increased, whereas here we observe 
a decrease. How cart4 is involved in the interaction between these stressors (UCS and 
continuous light) and inhibitory avoidance learning remains unclear. Studies suggest that 
increased levels of CART modulate nociception and depending on their location within the 
brain increase or decrease pain perception [15]. In addition, in the amygdala of rats CART 
peptides increase the response to acute predator exposure [342] and they increase neuronal 
activity in the hippocampus [373]. Thus depending on the site of expression, an increase or 
decrease may result in a similar behavioural outcome (i.e. avoidance learning). The observed 
upregulation of htr1ab expression may be a mechanism to cope with the desensitisation of 
these receptors during uncontrollable chronic stress [291]. Serotonin receptors are involved 
in all steps of learning [221] and upregulation of (the desensitised) htr1ab expression may 
thus ensure sufficient HTR1ab activation. The lack of changes in htr1ab expression following 
42 days of light suggests that these changes are time-dependent or only occur in combination 
with successful avoidance learning. 
 Compared to controls we observed no changes in the mr/gr-α ratio following 7 
days of continuous light, but we report a decrease following 42 days of continuous light, 
which was associated with reduced avoidance learning. The relative balance between MR 
and GR affects memory in adults and changes in the mr/gr-α ratio have been associated 
with decreased learning and memory [66,189]. In addition, high expression levels of crf in the 
amygdala prior and post training attenuates fear memory formation [131], which may have 
contributed to the reduced performance observed here. The observed increase in crf-bp most 
likely relates directly to the increased crf expression, as CRF-BP binds and modulates CRF 
activity [200]. The increased expression of cnr1 has been previously associated with reduced 
avoidance learning (Chapter 7). There we hypothesised that its upregulation may relate to 
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the recovery period following UCS [176]. Here, it seems unlikely that it relates to a recovery 
period following continuous light exposure, as fish were not returned to a normal day-night 
cycle during the inhibitory avoidance paradigm. Another possibility relates to pain and pain 
perception, as activation of CB1 reduces pain sensitivity [86,104,366]. Although this offers an 
explanation for the decrease in avoidance learning, how UCS and 42 days of continuous light 
modulate cnr1 expression remains unclear and requires further investigation.
Forty-two days light + UCS
We hypothesised that 7 days of UCS would further reduce inhibitory avoidance learning in 
fish that were also exposed to 42 days of continuous light, as fish would be unable to cope 
adequately with these challenges due to their allostatic load. However, after 42 days of light 
exposure, inhibitory avoidance learning was already strongly reduced and it was therefore 
difficult to measure a further reduction in avoidance learning. Still, we observed a trend for 
a reduction on day 2.
The UCS protocol was effective as we did observe significant changes in the levels 
of expression of a number of telencephalic genes as a result of 7 days UCS, i.e. an increase 
in levels of expression of htr1ab, crf and cart4 and a decrease in the levels of expression of 
bdnf. The increase in the expression levels of htr1ab, cart4 and crf is in line with our previous 
experiment Chapter 7 [199], where we reported a similar increase following 7 days of 
UCS. Thus it seems that the expression levels of these genes (measured post-task) change 
regardless of prior history. While we observed no statistically significant difference for the 
expression levels for bdnf following 7 days UCS in our earlier study (Chapter 7) levels were 
increased compared to controls following 7 nights of UCS (Chapter 7). A possibility is that 
the changes in the expression levels of mr and gr-α due to continuous light differentially 
affected bdnf expression levels here. Studies have shown that activation of GR reduces and 
activation of MR increases the expression of bdnf [330]. Where we previously reported a 
steady increase in the mr/gr-α ratio following UCS (157; Chapter 7) with a concomitant 
increase in expression levels of bdnf, here we report a significant decrease following 42 
days of continuous light, associated with a strong increase in gr-α expression, compared to 
controls. A decrease in the mr/gr-α ratio caused by an increase in gr-α expression suggests 
that activation of GR takes place over that of MR, which in turn may result in a reduction of 
bdnf expression. Thus the significant decrease in the expression levels of bdnf may be due to 
an interaction between 42 days of continuous light and 7 days UCS (days 35-42). 
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Future directions
Although we did not assess the expression of CLOCK genes (e.g. cryptochrome and period) 
in our current study, exposure to continuous light does disrupt the biological rhythmicity of 
such genes in various species. For example, disturbances therein lead to cognitive problems 
in hamsters [44], rats [349] and fruit flies (Drosophila melanogaster) [294] and phase-shifting 
of the light-dark cycle in rodents caused a reduction in the performance in passive avoidance 
tasks [63,83,332]. Although (zebra-)fish lack a central analogue to the suprachiasmatic nuclei 
of mammals [95] they do have a diffuse system of brain regions equipped with deep brain 
photoreceptors which appear to contain directly light-entrainable circadian pacemakers 
[231]. Studies have shown that expression of CLOCK genes such as cryptochrome and period 
in zebrafish are affected by changes in the day-night cycle [331] and that knocking down 
the expression of period1b reduces active avoidance learning [122]. From these studies it 
follows that a strong modulation of the day-night cycle (i.e. 42 days of continuous light) 
may interfere with inhibitory avoidance learning via changes that occur in the expression of 
CLOCK genes. Future studies may focus on the role of day-night cycle-dependent expression 
of CLOCK genes such as period and cryptochrome in learning and memory in zebrafish and if 
gene expression changes are limited to specific brain regions.
Concluding remarks
Overall our data show that long-term exposure (42 days) to continuous light was associated 
with reduced inhibitory avoidance learning which was associated with increased expression 
levels of stress-related genes in the telencephalon.
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Abstract
The inhibitory avoidance paradigm allows the study of mechanisms underlying learning 
and memory formation in zebrafish (Danio rerio Hamilton). For zebrafish, the physiology 
and behaviour associated with this paradigm are as yet poorly understood. We therefore 
assessed effects of environmental enrichment and fish age on inhibitory avoidance learning. 
Fish raised in an environmentally enriched tank showed decreased anxiety-like behaviour 
and increased exploration. Enrichment greatly reduced inhibitory avoidance in 6-month 
(6M) and 12-month (12M) old fish. Following inhibitory avoidance, telencephalic mRNA 
levels of proliferating cell nuclear antigen (pcna), neurogenic differentiation (neurod), cocaine- 
and amphetamine-regulated transcript 4 (cart4) and cannabinoid receptor 1 (cnr1) were lower 
in enriched housed fish, while the ratios of mineralocorticoid receptor (mr)/glucocorticoid 
receptor alpha (gr-α) and glucocorticoid receptor beta (gr-β)/glucocorticoid receptor alpha (gr-
α) were higher. This was observed for 6M old fish only, not 24-month (24M) old fish. Instead, 
24M old fish showed delayed inhibitory avoidance, no effects of enrichment and reduced 
expression of neuroplasticity genes. Overall our data show strong differences in inhibitory 
avoidance behaviour between zebrafish of different ages and a clear reduction in avoidance 
behaviour following housing under environmental enrichment.
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Introduction
The inhibitory avoidance paradigm is a promising tool to study molecular mechanisms 
underlying learning and memory formation in zebrafish [26,198,241,263]. In this paradigm, 
zebrafish must learn to refrain from swimming from a white to a black compartment to 
avoid receiving an electric shock [26,198,241,263]. So far, studies on this paradigm in zebrafish 
evaluated effects of unpredictable chronic stress [199,263], differences in shock intensity 
[198] and blocking of the NMDA-receptor [26,241]. For the inhibitory avoidance paradigm to 
mature as a useful tool for neurobehavioural research in zebrafish, further characterisation 
of factors affecting task performance seems warranted. In rodents, inhibitory avoidance 
behaviour is affected by rearing under enriched conditions [90,121,150,280], as well as age-
dependent differences in passive avoidance learning are found [219]. Therefore, to further 
characterise inhibitory avoidance in zebrafish, we assessed effects of environmental 
enrichment (experiment 1), age (experiment 2) and their interactions (experiment 3) on 
inhibitory avoidance behaviour. 
Experiment 1: environmental enrichment
Laboratory housing of fish all too often is designed to standardize conditions between 
experiments and therefore typically consist of barren aquaria. However, housing rodents 
under such conditions is considered to lead to poor welfare: animals are often confined, 
isolated, and kept from performing highly motivated behaviours and may therefore more 
likely develop stereotypies [14]. There is consensus that enrichment improves not only animal 
welfare [207,249] but also the quality of research data [309]. Enrichment can be defined as “a 
combination of complex inanimate and social stimulation” [290] and in this context refers 
to an environment richer than barren housing conditions [350]. When rodents are housed 
under enriched conditions they play more [201], are less anxious [225] and perform better in 
spatial learning and memory tasks [110,333]. 
 Typically, zebrafish in laboratory settings are kept in stimulus-poor environments, 
i.e. a tank without bottom substrate, plants, rocks or other shelter objects. We do know 
however that enrichment affects brain morphology and gene expression [163] and behaviour 
[30,38,41,296,318,326] of fish. Effects of environmental enrichment on inhibitory avoidance 
behaviour in zebrafish have to our knowledge as yet not been studied. We therefore housed 
zebrafish under enriched or barren conditions from larval stage onwards. At 6 months we first 
assessed anxiety-like behaviour (in a dark-white preference box) followed by the inhibitory 
avoidance protocol at the age of 12 months. Remarkably, in mice, environmental enrichment 
increases inhibitory avoidance behaviour [121,150], while in rats enrichment reduces such 
[90,280]. It follows that caution should be taken to predict the effects of environmental 
enrichment on inhibitory avoidance behaviour in zebrafish. 
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Experiment 2: age
Rats have a window where passive avoidance learning performance is better in adult animals 
(120-365 days) compared to both young (20-30 days) and aged animals (540 days) [39,76,82]. 
To assess whether age also affects inhibitory avoidance behaviour in zebrafish, we studied 
6-month (6M), 12-month (12M) and 24-month (24M) old zebrafish in the inhibitory avoidance 
paradigm. The 24M old zebrafish are generally classified as “aged” and both the 6M and 12M 
old zebrafish are classified as “adults” [324]. However, at the age of 6 months zebrafish are 
still growing in size [5] and as yet it is unclear till what age the brain is still developing. 
We assessed the telencephalic expression of genes related to the stress response, individual 
differences in coping style, anxiety and fear-conditioning after inhibitory avoidance learning 
[66,88,157,158,180,214,342]. We focused on the telencephalon, not the whole brain, as the 
telencephalon houses centres involved in learning, memory and fear-conditioning (lateral 
and medial zone of the dorsal pallium respectively) [35,73,234]. We predict that inhibitory 
avoidance behaviour is reduced in 24M old zebrafish compared to both 12M and 6M old fish.
Experiment 3: interaction of age and environmental enrichment
In aged rats (25 months old), environmental enrichment improved learning up to the level 
of younger animals (2.5 months and 15 months) [154]. We hypothesised (experiment 2) that 
24M old zebrafish would have lower brain plasticity and that this would impair inhibitory 
avoidance learning. Exposure to environmental enrichment could counter this reduction in 
brain plasticity and thus improve task performance. We housed 24M old zebrafish under 
enriched conditions for four weeks. As a control we housed a group of 6M old zebrafish 
under similar conditions and assessed their respective inhibitory avoidance behaviour. 
 We hypothesise that enrichment reduces inhibitory avoidance behaviour in 6M old 
zebrafish, while it increases such for 24M old zebrafish.
Materials and Methods
Ethical approval
All experiments were approved by the Animal Ethics Committee of the Radboud University 
Nijmegen (RU-DEC 2012-106) and were conducted in agreement with Dutch law (Wet op de 
Dierproeven 1996) and European regulations (Directive 86/609/ EEC)
Animals and housing
An in-house bred Tupfel long-fin [TL; also known as Tübingen long-fin (TLF)] of mixed 
sexes were used. Experiments were carried out at the Radboud University Nijmegen, the 
Netherlands.
 Depending on experimental and life stage needs, fish were either housed in small 
aquaria or large aquaria. Whereas the barren environment consisted of the aquaria as they 
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are, the enriched tanks received sand as bottom substrate and the aquarium was decorated 
with plastic plants and an artificial rock formation. Enrichment was kept constant (no 
changes in the amount, type or location of enrichment) over the course of the experiment.
Small aquaria: 2-litre zebrafish tanks were used to house zebrafish from fertilisation up till 
one month. One group was housed under barren conditions, while the other was housed 
under enriched conditions.
 Large aquaria: a single aquarium (100 x 50 x 60 cm) was split in two compartments 
by addition of a black glass plate, creating two equally sized compartments (50 x 50 x 60 
cm): one barren and one enriched. In each aquarium the water level was brought to 30cm, 
creating a total water volume of 150 litre (or 75 litre on either side). Both compartments 
were equipped with their own water in- and out-flow (26 °C; pH = 8.0), and linked to a single 
biological filter (300 litre volume). In addition, each compartment received an aeration stone, 
through which air was pumped, creating air bubbles and surface motion. The photoperiod 
was kept at 12L:12D (lights on from 07:00 to 19:00 hour) with feeding moments at 09:00 
hour (Artemia salina.) and 15:00 hour (TetraMin: Tetra, Melle, Germany). 
Experimental groups
Experiment 1 (enrichment): A batch of freshly spawned and fertilised eggs was randomly 
divided into two groups of roughly equal size. Once hatched, fish were either placed in the 
barren (n = 20) or enriched (n = 24) environment. Zebrafish larvae were kept in small aquaria 
until the age of one month, after which they were transferred to larger aquaria (see previous 
section). After six months, fish were exposed to a black and white preference test (for details 
see later in M&M). After this test, the animals were returned to their housing tanks and 
left undisturbed for 6 months. At the age of 12 months we assessed inhibitory avoidance 
behaviour (for details see later in M&M); an age that we used in our earlier study on chronic 
stress [199].
 Experiment 2 (age): After 6 months (n = 22), 12 months (n = 35) or 24 months (n = 9) 
of housing under barren (standard) conditions, zebrafish were placed in one compartment of 
a large aquarium for four weeks. After this acclimation period, inhibitory avoidance behaviour 
was assessed. 
 Experiment 3 (age and enrichment): Zebrafish, at the age of 6 months (n=16) or 24 
months (n=17) were placed in one compartment of a large aquarium for four weeks. After 
this acclimation period inhibitory avoidance behaviour was assessed. 
Black and white preference protocol
To assess anxiety-like behaviour, an aquarium (60 x 30 x 30 cm; 10 cm water level) was 
split in two equal compartments. The walls and bottom of one compartment were 
covered with white plastic; walls and bottom of the other compartment with black plastic. 
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No physical barrier separated the two compartments so the fish could cross to the other 
compartment freely. 
 Zebrafish were placed individually within the white compartment and were allowed 
to swim around freely for six minutes, after which they were returned to their home-tank. 
Swimming behaviour was recorded by camera and analysed using EthoVision XT v8.0 
tracking software (Noldus, Wageningen, the Netherlands). More time spent in the white 
compartment is indicative that animals are less anxious. A higher number of crossings 
between compartments is indicative for more exploratory behaviour.
Inhibitory avoidance protocol
Please see the Inhibitory Avoidance Protocol (Chapter 4) for details on the (I) inhibitory 
avoidance paradigm, (II) avoider and non-avoider category, (III) tissue collection and 
preparation, (IV) analysis of whole body cortisol and (V) the analysis of gene expression For 
gene expression analysis the following genes were selected: bdnf, cart4, htr1ab gr-α, gr-β, mr, 
crf, crf-bp and cnr1. 
Statistical analysis
Statistical analyses were performed with GraphPad Prism 5.0 for Mac (GraphPad Software 
Inc., La Jolla, USA).
 Experiment 1 (enrichment): We used a two-way ANOVA (with the factors time 
and enrichment) to test for significant differences in the black and white preference test. 
In case of a significant interaction, a Bonferroni post-hoc test was used. A D’Agostino and 
Pearson omnibus normality test revealed that the latency times did not conform to Gaussian 
distribution. Therefore, differences in inhibitory avoidance behaviour were assessed by a 
Kruskal-Wallis test (followed by Dunn’s Multiple Comparison post-hoc tests) to test for 
differences across days and Mann-Whitney U-tests to test for differences between groups 
on each day.
 Experiment 2 (age): A D’Agostino and Pearson omnibus normality test revealed 
that the latency times did not conform to Gaussian distribution. Therefore, differences in 
inhibitory avoidance behaviour were assessed by a Kruskal-Wallis test (followed by Dunn’s 
Multiple Comparison post-hoc tests) to test for differences across days and Mann-Whitney 
U-tests to test for differences between groups on each day. Gene expression data were 
analysed for Gaussian distribution using the D’Agostino and Pearson omnibus normality 
test. In case of a Gaussian distribution, significance between barren and enriched fish was 
assessed using a one-way ANOVA (with a Student-Newman-Keuls post-hoc test); in case of 
a non-Gaussian distribution, a Kruskal-Wallis test (followed by Dunn’s Multiple Comparison 
post-hoc tests) was used to assess differences between groups.
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Experiment 3 (age and enrichment): A D’Agostino and Pearson omnibus normality test revealed 
that the latency times did not conform to Gaussian distribution. Therefore, differences in 
inhibitory avoidance behaviour were assessed by a Kruskal-Wallis test (followed by Dunn’s 
Multiple Comparison post-hoc tests) to test for differences across days and Mann-Whitney 
U-tests to test for differences between groups on each day. Gene expression data were 
analysed for Gaussian distribution using the D’Agostino and Pearson omnibus normality 
test. In case of a Gaussian distribution, significance between barren and enriched fish was 
assessed using a Student’s t-test (with a Welch’s correction in case of unequal variances); in 
case of a non-Gaussian distribution, a Mann-Whitney U-test was used to assess differences 
between groups. 
 In all cases, significance was accepted when p ≤ 0.05 (two-tailed).
Results
Experiment 1: environmental enrichment
Enrichment: black and white preference test
We excluded the first minute from our data analysis, as we feel this minute reflects a 
habituation period in which fish recover from entering the experimental tank (Figures 
1A-B).  We found that enriched-housed fish spent more time in the white compartment 
compared to barren-housed fish (Fenrich(1,190) = 12.53; p = 0.0005). Furthermore, the number 
of crossings between compartments was significantly higher for enriched-housed fish 
compared to the barren-housed fish (Fenrich(1,190) = 23.07; p < 0.0001). No other statistically 
significant differences were found. 
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FIGURE 1 | Black and white preference test. (A) Zone preference under barren (white) and enriched
(black) conditions. Fish from an enriched environment spent significantly more time in the white compartment 
compared to fish from a barren environment. (B) Frequency of entries into the white compartment. 
Fish from an enriched environment (black) had a significantly higher frequency of entering the white 
zone compared to fish from a barren (white) environment. All data was assessed by a two-way ANOVA. 
n = 20 fish per housing condition. Statistical analysis excludes the first minute (indicated by a grey box).
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Enrichment: inhibitory avoidance paradigm
All fish entered the black compartment within 60s on the first day, except one individual 
in the barren-housed group (80s) and two in the enriched-housed group (90s and 130s). 
Median values of groups were 14s and 8s for barren and enriched conditions respectively 
(Figure 2). 
 The latencies of barren-housed fish and enriched-housed fish were not significantly 
different on day 1 (U = 69.50; p = 0.52). However, we observed significantly higher latencies 
for fish raised in a barren environment compared to those raised in an enriched environment 
on day 2 (U = 38.50; p = 0.02) and day 3 (U = 35.00; p = 0.01). 
 The latencies for barren-housed fish on day 2 and day 3 were significantly higher 
compared to the latencies on day 1 (H = 18.25; p = 0.0001), but there was no significant 
difference between day 2 and day 3. For enriched-housed fish we did not observe significant 
differences (H = 5.250 ; p = 0.07).
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FIGURE 2 | Inhibitory avoidance learning in life-long barren and enriched house zebrafish. Day 1 
(no training) shows no significant differences in the initial latencies between barren (white dots; n=11) and 
enriched (black dots; n=15) housed zebrafish. Day 2 (one shock) and day 3 (two shocks) show a significant 
lower latency for fish housed under enriched conditions compared to those from a barren environment. Capital 
letters above groups indicate significant differences assessed by a Mann-Whitney U-test: groups that do not 
share corresponding letters are significantly different from each other. Asterisks [p ≤ 0.001 (***)] indicate 
a significant increase in latency from day 1 to day 2 or from day 2 to day 3 within a single housing conditions.
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Experiment 2: age
Age: inhibitory avoidance behaviour
All fish entered the black compartment within 60s on the first day, except two individuals: 
one in the 6M old group (95s) and one in the 12M old group (115s). Median values of groups 
ranged from 4s to 9s (Figure 3). 
 We observed no significant differences between groups on day 1 (H = 4.884; p = 
0.09). 
 On day 2, the latencies to enter the dark compartment of the tank of the 24M old 
fish were significantly lower compared to the latencies of both the 6M old fish and the 12M 
old fish (H = 11.96; p = 0.003). On day 3, we did not observe significant differences between 
the three age groups (H = 0.4284; p = 0.81).
 The latencies on day 2 and day 3 were significantly higher compared to the latencies 
on day 1 for both the 6M old fish (H = 18.58; p < 0.0001) and the 12M old fish (H = 29.15; p < 
0.0001), but there was no significant difference between day 2 and day 3 for either age. For 
24M old fish we did not observe significant differences across days (H = 5.785; p = 0.06).
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FIGURE 3 | Inhibitory avoidance learning in 6M, 12M and 24M old zebrafish. Day 1 (no training) shows 
no significant differences in the initial latencies between 6M (black dots; n=22), 12Ms (white squares; n=35) 
and 24M old (black triangles; n=9) zebrafish. Day 2 (one shock) shows a significant lower latency for the 
24M old zebrafish compared to the 6M and 12M old zebrafish. Day 3 (two shocks) shows no significant 
differences in latencies between 6M, 12Ms and 24M old zebrafish. Capital letters above groups indicate 
significant differences assessed by a Dunn’s multiple comparison test following a Kruskal-Wallis: groups 
that do not share corresponding letters are significantly different from each other. Asterisks [p ≤ 0.001 (***)] 
indicate a significant increase in latency from day 1 to day 2 or from day 2 to day 3 within a single age category. 
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Age: gene expression analysis
Statistics on the data are shown in Figures 4A-M. 
 Following the inhibitory avoidance paradigm, expression levels of bdnf, pcna and 
cart4 were significantly lower in 24M old zebrafish compared to both the 6M and 12M old 
zebrafish. 
 Gene expression levels of neurod, htr1ab, crf-bp, gr-α, gr-β and the gr-β/gr-α ratio 
were significantly higher in 12M old fish, compared to both the 6M and 24M old zebrafish.
 The expression of crf was higher in the 6M old group compared to both the 12M old 
and 24M old zebrafish, whereas the mr/gr-α ratio was significantly lower.
 Only for the expression of mr we observed significant differences between all age 
groups, where the expression levels increased with age. 
 We found no significant differences for cnr1 expression.
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FIGURE 4 | Normalised telencephalic gene expression following inhibitory avoidance learning in 6M 
(black dots), 12M (open squares) and 24M (black triangle) old zebrafish. Individuals are plotted as single data 
points; bars represent group mean. Letters above groups indicate significant differences assessed by a LSD post-
hoc analysis following a significant one-way ANOVA: groups that not share corresponding letters are significantly 
different from each other (p ≤ 0.05). Note that figures 4L and 4M display ratios and not actual gene expression levels.
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FIGURE 4 | Normalised telencephalic gene expression following inhibitory avoidance learning in 6M 
(black dots), 12M (open squares) and 24M (black triangle) old zebrafish. Individuals are plotted as single data 
points; bars represent group mean. Letters above groups indicate significant differences assessed by a LSD post-
hoc analysis following a significant one-way ANOVA: groups that not share corresponding letters are significantly 
different from each other (p ≤ 0.05). Note that figures 4L and 4M display ratios and not actual gene expression levels.
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Experiment 3: age and enrichment
Age and enrichment: inhibitory avoidance behaviour 6M old zebrafish
All fish entered the black compartment within 60s on the first day, except three individuals: 
two in the barren-housed group (62s and 97s) and one in the enriched-housed group (118s) 
(Figure 5A). 
 On day 1, median values of both barren-housed and enriched-housed groups were 
9s and there was no significant difference between groups (U = 165.0; p = 0.76). However, we 
observed significantly higher latencies for barren-housed fish compared to enriched-housed 
fish on day 2 (U = 48.00; p = 0.0002) and day 3 (U = 90.00; p = 0.01).
 In addition, we found that latencies for barren-housed fish on day 2 and day 3 were 
significantly higher compared to the latencies on day 1 (H = 18.58; p = 0.0001), but there 
was no significant difference between day 2 and day 3. For enriched-housed fish we did not 
observe significant differences (H = 1.088; p = 0.58).
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FIGURE 5 | Inhibitory avoidance learning following 4 weeks of enrichment in 6M and 24M old zebrafish. 
(A) For the 6M old zebrafish we saw no significant differences in the initial latencies between barren (white; 
n=22) and enriched (black;n=16) housed zebrafish (day 1: no training.) On day 2 (one shock) and day 3 (two 
shocks) we saw that enriched zebrafish had significantly lower latencies compared to barren zebrafish. Capital 
letters above groups indicate significant differences assessed by a Mann-Whitney U-test: groups that do not 
share corresponding letters are significantly different from each other. Asterisks [p ≤ 0.001 (***)] indicate a 
significant increase in latency from day 1 to day 2 or from day 2 to day 3 within a single housing condition. 
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Age and enrichment: inhibitory avoidance behaviour: 24M old zebrafish
All fish entered the black compartment within 60s on the first day (Figure 5B). 
 On day 1, median values of groups were 4 and 6s for barren-housed and enriched-
housed fish respectively and Mann-Whitney-U tests could not reveal significant differences 
between rearing conditions (U = 65.0; p = 0.42). We observed no significant differences 
between the latencies of barren-housed fish and enriched-housed fish on day 2 (U = 47.00; p 
= 0.12) and day 3 (U = 66.00; p = 0.58).
 In addition, we found no significant difference in latencies across days for both 
barren-housed fish (H = 5.785; p = 0.06) and enriched-housed fish (H = 5.689; p = 0.06).
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FIGURE 5 | Inhibitory avoidance learning following 4 weeks of enrichment in 6M and 24M old zebrafish. 
(B) For the 24M old zebrafish we saw no significant differences in the initial latencies between barren (white; n=9) 
and enriched (black;  n=17) zebrafish. On day 2 (one shock) and day 3 (two shocks) we saw no significant differences 
between barren and enriched zebrafish. In addition, regardless of housing condition we saw no significant differences 
between days for the 24M old zebrafish. Capital nletters above groups indicate significant differences assessed by 
a Mann-Whitney U-test: groups that do not share corresponding letters are significantly different from each other. 
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Age and enrichment: gene expression analysis
Statistically significant differences in gene expression between barren-housed and enriched-
housed fish following inhibitory avoidance were found (Table 1). We observed the following 
significant differences for the 6M old fish: compared to barren-housed fish, enriched-housed 
fish had significantly lower gene expression levels of pcna, neurod, cart4 and cnr1, but the 
ratios of mr/gr-α and gr-β/gr-α were significantly higher. 
 In contrast, for the 24M old fish, we only observed a significantly lower gr-β/gr-α 
ratio for enriched-housed fish. No other significant differences were observed.
Discussion
Here we report a decrease in anxiety-like behaviour and an increase in exploratory 
behaviour following long-term housing under enriched conditions. In addition, exposure to 
environmental enrichment reduced inhibitory avoidance behaviour in 6M and 12M old fish, 
but not in 24M old fish. Gene expression analysis following the task revealed that enriched-
housed 6M old fish had lower levels of pcna, neurod, cart4 and cnr1 in the telencephalon 
and higher telencephalic ratio’s of mr/gr-α and gr-β/gr-α. No such changes were observed 
for enriched-housed 24M old fish. We further observed a delay in inhibitory avoidance 
behaviour of 24M old fish compared to 6M and 12M old fish which was associated with lower 
telencephalic expression levels of bdnf, pcna and cart4. 
6 month old zebraﬁsh 24 month old zebraﬁsh
Gene Barren Enriched Statistics Barren Enriched Statistics
bdnf 0.83 ( ± 0.28 ) 0.88 ( ± 0.30 ) n.s. 0.43 ( ± 0.14 ) 0.39 ( ± 0.12 ) n.s.
pcna 1.13 ( ± 0.18 ) 0.94 ( ± 0.18 ) U = 62.00; p = 0.003 0.39 ( ± 0.13 ) 0.33 ( ± 0.07 ) n.s.
neurod 1.02 ( ± 0.24 ) 0.83 ( ± 0.27 ) t = 2.295; df = 34; p = 0.03 0.98 ( ± 0.18 ) 1.03 ( ± 0.32 ) n.s.
cart4 0.87 ( ± 0.32 ) 0.77 ( ± 0.31 ) U = 94.00; p = 0.03 0.19 ( ± 0.14 ) 0.15 ( ± 0.12 ) n.s.
cnr1 1.08 ( ± 0.25 ) 0.92 ( ± 0.19 ) U = 90.00; p = 0.04 0.94 ( ± 0.25 ) 0.90 ( ± 0.28 ) n.s.
htr1ab 0.84 ( ± 0.30 ) 1.01 ( ± 0.56 ) n.s. 3.10 ( ± 1.51 ) 2.99 ( ± 1.182 ) n.s.
crf 0.98 ( ± 0.46 ) 1.03 ( ± 0.34 ) n.s. 0.35 ( ± 0.14 ) 0.27 ( ± 0.17 ) n.s.
crf-bp 0.89 ( ± 0.51 ) 0.96 ( ± 0.48 ) n.s. 0.14 ( ± 0.06 ) 0.17 ( ± 0.10 ) n.s.
gr-α 1.08 ( ± 0.37 ) 1.01 ( ± 0.37 ) n.s. 0.92 ( ± 0.14 ) 1.02 ( ± 0.23 ) n.s.
gr-β 0.74 ( ± 0.32 ) 0.75 ( ± 0.22 ) n.s. 0.24 ( ± 0.14 ) 0.16 ( ± 0.08 ) n.s.
mr 1.04 ( ± 0.26 ) 1.00 ( ± 0.20 ) n.s. 1.50 ( ± 0.39 ) 1.71 ( ± 0.53 ) n.s.
mr/gr-α 0.32 ( ± 0.09 ) 0.43 ( ± 0.12 ) t = 3.008; df = 33; p = 0.005 0.58 ( ± 0.22 ) 0.67 ( ± 0.31 )
gr-β/gr-α 0.02 ( ± 0.01 ) 0.03 ( ± 0.02 ) U = 90.50; p = 0.04 0.007 ( ± 0.004 ) 0.004 ( ± 0.002 ) t = 2.362; df = 18; p = 0.03
TABLE 1 | Telencephalic gene expression analysis from 6M and 24M old zebrafish housed under a barren and 
enriched environment. Values listed are means (± 1 s.d.) of the relative and normalised (to elf1α and rpl13) expression 
for each group. Please note that these data are not presented such that the different age groups can be compared
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Experiment 1: enrichment
In contrast to previous studies [30,213], where environmental enrichment was either offered 
for a shorter period of time (< 6 months) or the position of items was changed weekly, we 
here raised zebrafish under enriched conditions starting from the time they were hatched 
and aimed to keep the position of enrichment items constant and unchanged. Fish housed 
under these enriched conditions displayed reduced anxiety-like behaviour (more time spent 
in the white compartment) and increased exploration (more transitions between the white 
and black compartment), which is in line with previous experiments [30,213]. Although we 
did not observe a significant interaction term, our data do suggest that barren-housed fish 
become more explorative and less anxious towards the end of the experiment (i.e. minutes 
five and six). Indeed, separate t-tests show a significant difference between enriched- and 
barren-housed fish for minutes two, three and four, but not for minutes five and six. 
 In rats, environmental enrichment reduced inhibitory avoidance learning [90,280], 
while mice raised in an enriched environment had increased inhibitory avoidance behaviour 
[121,150]. In our study we observed that zebrafish from an enriched environment displayed 
reduced inhibitory avoidance behaviour. Interestingly, not all fish in the enriched-housed 
group seemed to have lowered avoidance behaviour, as we still observed fish that learned 
to refrain from swimming to the dark compartment where they experienced a shock before. 
However, the number of such fish in the enriched-housed group was clearly lower compared 
to that of the barren-housed group and this resulted in an overall lower latency time. 
 Impaired associative learning or a different appraisal of the shock by the subject 
could be at the basis of this observed reduction in avoidance behaviour. However, studies in 
several fish species have demonstrated that environmental enrichment promotes learning 
and memory in fish [41,296,318,326] and suggests that impaired associative learning in all 
likelihood does not underlie the reduction observed. It is thus more likely that the electric 
shock had a weaker impact for fish from an enriched environment. In rodents, environmental 
enrichment attenuated the need for pain relief in animals submitted to invasive procedures 
[262] and reduced the injury-induced nerve hypersensitivity to both mechanical and cold 
stimuli [344], i.e. environmental enrichment is accompanied by a potentially higher pain 
threshold. Thus, an increased pain threshold due to environmental enrichment would offer 
an explanation for the reduction in avoider fish. It is clear that this warrants further studies 
(see further below). 
Experiment 2: age
Inhibitory avoidance behaviour in 6M old zebrafish was not significantly different from that 
of 12M old zebrafish in our Kruskal-Wallis test. However, our data suggest that there might 
be a difference in learning curves between these age groups. And indeed, when comparing 
the 6M old group with the 12M old group only, we observed no difference on day 2 (p = 
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0.07), but a significant difference on day 3 (p = 0.02). Where the 12M old group showed a 
steady increase in latency after each shock, the 6M old group had a strong increase after a 
single shock, but did not improve performance following a second shock. The expression 
levels of neurod, htr1ab, crf-bp, gr-β and mr following the inhibitory avoidance paradigm 
were found to be significantly lower in 6M old zebrafish whereas the expression of crf and 
gr-α was significantly higher compared to the 12M old group. In addition, the mr/gr-α ratio 
was found to be significantly lower. As the ratio between MR and GR activation is crucial 
for learning and memory [66,189], differences in the ratio of the expression of these genes 
observed between 6M and 12M old fish may have contributed to the observed differences 
in latency on day 3. The observed higher levels of crf and lower levels of crf-bp mRNA are 
likely related to age differences: in rats, levels of Crf increased with age while the expression 
of Crf-bp decreased [264]. CRF-family peptides within the brain modulate learning and 
memory [20,268,269] and differences in expression levels may cause differences in learning 
and memory. Although dependent on the region where neurod is expressed expression 
levels in the brain change as an individual ages. In the cerebellum of rodents for instance, 
an increased expression was observed followed by a decline at older age [235,306]. The 
serotonergic system also undergoes changes during development and ageing [108,210], in 
rats serotonin transporters increased up to the adult phase after which they decreased again 
with ageing [339]. Although little is known about the expression of htr1ab specifically during 
ageing, our expression data (showing a hyperbolic relationship) suggest that the expression 
of htr1ab may follow a similar pattern. 
 Although 6M and 12M old zebrafish both have been classified as “adults” [324], our 
data suggest that differences between 6M and 12M old zebrafish exist in avoidance learning. 
We observed minor, but significant, differences in inhibitory avoidance performance and 
telencephalic gene expression showed strong differences following the task, most of which 
are linked to the endocrine stress system. Further characterisation of the maturation of the 
zebrafish brain seems warranted.
 24M old zebrafish appear to have delayed inhibitory avoidance behaviour compared 
to 12M old zebrafish, in the sense that they required an extra training day (day 3) to reach 
a similar latency time as 12M old zebrafish (day 2). This reduced avoidance behaviour 
might relate to the vast reduction in telencephalic gene expression related to plasticity and 
learning observed. Compared to 12M old zebrafish, the 24M old group had reduced levels 
of bdnf, pcna, cart4, neurod, htr1ab and crf-bp and a higher expression of gr-α and mr in 
the telencephalon. The overall reduced expression of genes suggests a lower brain activity 
and neural plasticity. Lower expression of bdnf is associated with ageing [210] and may lead 
to reduced fear learning and lower ability to consolidate fear memories [230,304]. Higher 
expression of pcna has been directly linked to increased cell proliferation in the brain of fish 
[77,101] and may be considered as an indicator for brain plasticity. Higher concentrations 
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of CART peptide lead to enhanced learning and memory [342,373] and a reduction in the 
expression of cart4 likely results in reduced peptide concentrations. In line with these 
observations, age-related spatial changes in the expression of neurod have been observed 
in the rodent brain [235,306] and similarly may hold true for the fish brain. As discussed 
earlier, the serotonergic system changes during ageing and the lower expression of htr1ab 
fits in the overall reduction of the system as seen at later age [108,210,339]. In contrast to 
the reported increase of Crf-bp expression in aged rats [264], we observed a reduction in the 
crf-bp expression in older zebrafish. This reduction might result from an interaction of the 
ageing effect with the effect of our inhibitory avoidance task, which lowers crf-bp expression 
(unpublished data). CRF peptides modulate learning and memory formation [20,268,269] 
and are bound by CRF-BP. By doing so, CRF-BP inhibits CRF-mediated activation of CRF-
receptors [200]. A reduction in crf-bp expression may thus result in more CRF-mediated 
activity in the brain. Higher expression of mr may indicate a higher need for MR activation, 
for under basal conditions the MR is fully occupied to maintain basal neuronal activity [274]. 
Both MR and GR are involved in learning and memory [47,117,188,384] and the ratio between 
MR and GR activation is crucial [66,189]. This may explain the higher gr-α expression, as it 
may maintain a proper MR/GR-α ratio. Indeed, the mr/gr-α ratio does not differ between 12M 
and 24M old fish. The need for more GR-α activation is also reflected by the decrease in gr-β, 
which is a splice variant that gives rise to GR-β. In zebrafish the GR-β is thought to act as a 
decoy receptor which inhibits activation of GR-α (but not MR due to its much higher affinity 
for steroids) by binding circulating glucocorticoids [298]. A reduction in GR-β seems thus an 
adaptive mechanism to ensure activation of GR-α. 
 
Experiment 3: age and enrichment
Similar to the effects observed in our 12M old zebrafish, inhibitory avoidance behaviour in the 
6M old zebrafish housed in an enriched environment was reduced. Gene expression analysis 
following inhibitory avoidance revealed a lower expression level of pcna, neurod, cart4 
and cnr1 in 6M old fish from an enriched environment. These observations are in contrast 
with previous studies, where pcna and neurod were upregulated following housing under 
enriched conditions [163,296]. However, unpublished data from our laboratory suggest that 
the expression of pcna, neurod and cnr1 is upregulated as a result of the inhibitory avoidance 
paradigm proper, i.e. compared to baseline. Thus the higher expression of these genes in 
the barren-housed group may reflect the acquisition of avoidance behaviour, which was 
not observed in the enriched group. The lower expression of cart4 found in the enriched 
group may also be related to avoidance learning rather than housing condition. While gene 
expression levels of cart4 are decreased when measured after the task ([198] and unpublished 
data), we reported previously that cart4 expression was higher in avoider fish (latencies equal 
to or larger than 180 seconds) than in non-avoider fish (latencies smaller than 60 seconds) 
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when a 3 V shock was given [198]. Our enriched-housed group consisted nearly only of 
non-avoider fish, which corresponds to lower cart4 expression, whereas the barren-housed 
group contained both non-avoider and avoider fish, which corresponds to higher levels of 
cart4. CART is involved in learning and memory [342,373], but higher levels of CART are also 
known to increase fear and anxiety-like behaviour [162,342]. The lower expression of cart4 
in the enriched-housed fish not only relates to the observed behaviour in our current study: 
reduced anxiety-like behaviour (6 months) and reduced inhibitory avoidance (12 months), 
but also corroborate previously reported inhibitory avoidance behaviour and associated cart4 
expression [198]. Thus, next to possible changes in pain as discussed above, enrichment may 
affect levels of fear, lowering inhibitory avoidance behaviour. 
 In 24M old zebrafish we saw no clear effect of enrichment with regard to inhibitory 
avoidance behaviour or gene expression analysis. We only observed a reduction in the gr-β/
gr-α ratio, which suggests a higher potential for cortisol to activate GR-α. Possibly, four weeks 
of enrichment is too short a period, or the enrichment came too late in the life history for the 
24M old fish to benefit. In rats, life-long enrichment reduced cognitive dysfunction at an older 
age [154]. Whether life-long enrichment has similar effects on zebrafish warrants further 
studies. However, we would suggest to expand the behavioural assessment paradigms to 
include a spatial learning task, as performance in such a task improved with enrichment 
[296]. Here, both environmental enrichment and old age reduced inhibitory avoidance 
behaviour, making it difficult to properly assess effects of environmental enrichment on the 
cognitive abilities of aged fish.
Limitations
It should be noted that anxiety-like behaviour could also have been assessed using the 
novel tank test [211] rather than the black and white preference test. While both tests may 
be used to assess anxiety-like behaviour, data suggest that they may not assess the same 
phenomenon as pharmacological profiles are not always identical [211]. Therefore, our 
conclusions only relate to anxiety-like behaviour (and the modulation thereof) as assessed 
via a black and white preference test. In addition, as we tested animals singly this may have 
an effect on the outcome of our behavioural tests [94]. 
 Given that we sampled post-task, differences in gene expression between 
experimental groups are closely associated with differences in inhibitory avoidance behaviour 
as discussed earlier [199]. We do not as yet know whether differences in telencephalic gene-
expression between age and/or enrichment conditions were already present prior to the task 
and how the task alters them. However, data from our earlier experiment in barren-housed 
6 month-old zebrafish [198] using a one-day shock paradigm showed only little differences 
between pre- (baseline) and post-task gene-expression levels. As indicated above preliminary 
data comparing base-line and task-related gene-expression levels in 12 month-old barren 
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housed fish revealed changes in levels of gene-expression which may help explaining our 
findings. We are currently studying this in more detail. 
Concluding remarks 
Our data show that environmental enrichment reduces inhibitory avoidance behaviour 
in 6M and 12M old zebrafish. For the 6M old zebrafish this enrichment-induced reduction 
in performance was associated by differences in the mRNA levels of several genes in the 
telencephalon indicative for neuroplasticity. In contrast, 24M old fish showed poor/delayed 
inhibitory avoidance behaviour without any noticeable effects of environmental enrichment 
on task performance. This poor task performance was associated with strongly reduced 
levels of genes indicative for neuroplasticity as well as the endocrine stress system. Where 
we observed minor differences in avoidance behaviour between 6M and 12M old zebrafish, 
post-task gene expression analysis revealed clear differences in the expression level of genes 
involved in the endocrine stress system. For example, both the 6M and 12M age groups are 
often categorised as “adult” based on external morphological characteristics, yet our study 
indicates there are age-related differences in behaviour, cognition and gene expression 
profiles.
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Abstract
Prior history determines the behavioural and stress-response to challenges. For instance, 
male rats with a two-week history of exposure to hedonic or rewarding commodities (sucrose 
solution or sexual behaviour) at fixed intervals have lower physiological stress-responses 
and reduced anxiety-like behaviour than control rats without this history. To test whether 
hedonic feeding at fixed intervals may also activate the reward system in zebrafish, we used 
a feeding regime where Artemia (Artemia salina) was used as rewarding food and flake food 
(Tetramin) as control. After two weeks of hedonic feeding at fixed intervals zebrafish were 
exposed to an inhibitory avoidance protocol, where fish learn to refrain from swimming to 
a shock-associated dark-area. Half the number of fish received a 3V shock on day 1 and was 
tested and sacrificed on day 2; the other half received a second 3V shock on day 2 and was 
tested and sacrificed on day 3. Zebrafish that were regularly exposed to Artemia showed 
less inhibitory avoidance after one shock, but not after two shocks, than zebrafish that were 
regularly exposed to flake-food. After one shock, but not after two, expression levels of cnr1 
were lower, while expression levels of crf were higher in fish receiving Artemia than in fish 
receiving flake. The results suggest that hedonic feeding at fixed intervals may alter fear 
avoidance behaviour following a single event.
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Introduction
The physiological response to a stressor includes activation of the hypothalamic–pituitary–
adrenocortical (HPA) axis [88]. Activation thereof results in elevations in circulating 
adrenocorticotropic hormone (ACTH) and glucocorticoids. Glucocorticoids have widespread 
action on numerous physiological processes, including mobilization of stored energy and 
maintenance of vascular tone [88]. Comfort food intake in humans is linked with improved 
emotional states [71] and a high-carbohydrate diet is associated with reduced resting and 
stress-evoked cortisol levels [203]. The mechanism that causes dampening of the stress-
response by comfort foods likely resides at the interface between stress and reward in the 
brain [260,341]. 
 The positive effects of pleasurable experiences on behaviour have been shown 
in piglets for example [72]. Piglets that were given announced (audible cue) access to a 
playground (straw bedding and hidden food) showed reduced aggression when they were 
given the same audible cue after weaning [72]. Piglets that were not given access to the 
playground previously, did not show reduced aggression following the same audible cue. 
Rats with a history of brief hedonic feeding had a dampened physiological stress-response 
[341] and reduced anxiety-like behaviour [340]. In the latter study, rats were given brief access 
to a small amount of palatable sucrose solution twice daily at fixed time-points during 
a two-week period, without audible or visual cues to announce the access to the sucrose 
water. After two weeks these rats were tested an hour prior to their normal sucrose access. 
Compared to controls, these rats displayed more exploratory behaviour, had significantly 
reduced basal plasma ACTH and glucocorticoids levels and showed attenuated stress-
responses following an acute stressor [340]. Although both experiments differ in their 
design, key to both is that the access to the rewarding stimulus could be anticipated by the 
individuals [37,107,161,246,319]. The piglets were triggered by the audible cue, expecting to be 
given access to the playground, whereas the rats were only one hour away from their daily 
access to sucrose water (i.e. food anticipatory activity [181]). In addition, in the study with the 
rats it was shown that the basolateral amygdala (BLA) played a role in the observed effects 
following reward [340], as ablation of the BLA prevented the positive effects observed. 
 Here we aimed to investigate the existence of a similar mechanism of reward in 
zebrafish (Danio rerio). Studies have shown that food anticipatory activity exists in fish 
[168,169] and that the fish brain has a medial zone of the dorsal pallium of the teleostean 
telencephalon (Dm) that topologically corresponds to the mammalian (basolateral) 
amygdala  and is thought to be involved in the brain reward system of zebrafish [337]. It thus 
follows that, with the correct reward, activation of the reward system may interfere with 
stress-related and/or fear-related tasks. In line with our previous studies, we investigated 
whether hedonic feeding would interfere with inhibitory avoidance learning, a simple 
learning task in which zebrafish learn to avoid the preferred dark compartment to not receive 
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a mild electric shock (Chapter 4 and Chapter 5). Based on personal observations, we used 
Artemia (Artemia salina) as hedonic feed as zebrafish show a stronger behavioural response 
when fed with Artemia compared to standard flake-food. On a background of standard 
flake food (standard feeding regime, twice daily), one group of zebrafish was given a limited 
amount of Artemia, once daily at 11.00 hours, while controls received standard flake food at 
the same time. After two weeks, instead of being given hedonic feeding, fish were exposed 
to an inhibitory avoidance paradigm. Based on the mild effects of reward observed in rats 
(10-20% reduction) [340], we decided to assess inhibitory avoidance learning and associated 
gene expression after both a single shock (Chapter 4) and two shocks (Chapter 5). To this 
end, half the number of fish were trained on day 1 and were tested and sacrificed on day 2; 
the other half received a second training on day 2 and were tested and sacrificed on day 3. 
 Zebrafish that were given Artemia showed less inhibitory avoidance after one shock, 
but not after two shocks, compared to zebrafish that were given additional flake-food. The 
difference in avoidance behaviour after a single shock was associated with lower expression 
levels of cnr1 and higher expression levels of crf. No expression differences were observed 
after two shocks. 
Material and methods
Animals and housing
12-month old Zebrafish (mixed sexes) of an in-house bred Tupfel Longfin strain were used. 
Fish came from a single brood and were split into two equally sized groups (21 fish each). 
Fish were not fed Artemia during their upbringing to prevent the possible loss of the value of 
the (new) hedonic food source (Artemia). There was no indication that the lack of Artemia 
during rearing had an effect on growth or behaviour of zebrafish (personal observations 
compared to fish raised with Artemia). 
Experimental groups
Four weeks before the start of the experiment, fish were housed in groups of three or four 
and held in 2-litre plastic tanks. All tanks were set in the same room and linked to a single 
biological filter. After the acclimation period fish were fed standard flake food (TetraMin, 
Melle Germany) at 9:00 hours and 15:00 hours. In addition to this background, the control 
group received a small amount of flake food at 11:00 hours. The experimental group received 
a small amount of Artemia at the same time-point. For this experiment the amount of 
additional flakes or Artemia given each day was not quantified (i.e. not the same amount 
of grams was given each day). Instead, the amount given was judged by eye and kept to a 
similar amount between days.
 On day one all fish were exposed to the inhibitory avoidance paradigm (n =21 for 
both Artemia and flake). About half of the fish in each group (n=10 for Artemia; n =9 for 
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flake) did not receive a shock on day two, but were instead sacrificed for gene expression 
analysis. The remainder of fish received a second shock and were sacrificed on the third day 
(n=11 Artemia, n= 12 flake).
Inhibitory avoidance protocol
Please see the Inhibitory Avoidance Protocol (Chapter 4) for details on the (I) inhibitory 
avoidance paradigm, (II) avoider and non-avoider category, (III) tissue collection and 
preparation, (IV) analysis of whole body cortisol and (V) the analysis of gene expression For 
gene expression analysis the following genes were selected: bdnf, cart4, htr1ab, gr-α, gr-β, mr, 
crf, crf-bp and cnr1. 
Statistical analysis
Statistical analyses were performed using IBM SPSS 21 for Mac (IBM, Armonk, USA) and 
data were plotted with GraphPad Prism 5 for Mac (GraphPad software Inc., La Jolla, USA). 
Latency times were analysed by non-parametric tests, as we introduced a cut-off point of 
180 seconds [198,199]. Differences within a treatment group over time were tested with the 
Kruskal-Wallis test. Mann-Whitney U-tests were used as post-hoc tests. 
 Differences in telencephalic gene-expression levels after one and two shocks were 
analysed separately using Student’s t-test or Mann-Whitney U-test. 
Results
Inhibitory avoidance learning
All fish entered the black compartment within 60s on the first day, except four individuals 
in the flake-fed group (75s, 76s, 77s and 78s) and one in the Artemia-fed group (65s). Median 
values of groups were 13s and 21s for flake- and Artemia-fed fish respectively (Figure 1). 
 The median latencies of flake-fed fish and Artemia-fed fish were not significantly 
different on day 1 (U = 209.0; p = 0.79). We observed significantly higher latencies for flake-
fed fish compared to Artemia-fed fish on day 2 (U = 137.0; p = 0.04), but not on day 3 (U = 
63.00; p = 0.86). 
 The latencies for flake-fed fish on day 2 and day 3 were significantly higher compared 
to those on day 1 (p ≤ 0.0001), but there was no significant difference between day 2 and day 
3. For Artemia-fed fish we observed a significantly higher latency on day 3 compared to both 
day 1 and day 2 (p ≤ 0.0001). There was no difference between the latencies of day 1 and day 
2.
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Gene expression analysis
Here we analysed differences in telencephalic gene expression between flake-fed and 
Artemia-fed fish following a single shock (day 2) or two shocks (day 3) (Figures 2A-J).
After a single shock we observed significantly lower expression levels in the Artemia-fed fish 
for cnr1 (p = 0.003) and a significant higher expression level of crf (p = 0.04). Our data also 
suggests a trend for higher crf-bp expression levels for Artemia-fed fish (p = 0.09). No other 
significant differences were observed.
 After two shocks, no significant differences in telencephalic expression levels of 
genes were observed between flake-fed and Artemia-fed fish.
Day 1 Day 2 Day 3 
20
40
60
80
100
120
140
160
180
200
220
240
A B BA A B
n.s. * n.s.
La
te
nc
y 
to
 e
nt
er
 b
la
ck
 c
om
pa
rt
m
en
t (
se
co
nd
s)
FIGURE 1 | Comparison of latencies (in seconds) to enter the black compartment. Graph includes fish 
fed with flake food only (black dots) and those fed with artemia (white dots). Results are plotted as individual 
latencies and the black horizontal lines represent medians; we introduced a cut-off point at 180 seconds. 
Day 1 shows the initial latencies recorded without training, whereas day 2 and day 3 show the latencies 
after one or two shocks. Capital letters above groups indicate significant differences assessed on a given 
day: groups that do not share corresponding letters are significantly different from each other (p ≤ 0.05). 
n=21 on day 1 and day 2; n=11-12 on day 3 (10-11 fish were sampled on day 2 for gene expression analysis).
FIGURE 2 (on the opposite page) | Normalised telencephalic gene expression following inhibitory 
avoidance learning in flake fed (black dots) or artemia fed (white dots) zebrafish. Individuals are 
plotted as single data points; bars represent group mean. Significant differences are listed in the graph with 
using the p-value. Data was only compared within shock treatment (i.e. one shock or two shocks) and not 
between shock treatments (i.e. 1 shock versus 2 shocks). n=7-9 after one shock and n= 8-10 after two shocks.
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Discussion
Here we report a mild reduction in inhibitory avoidance performance in zebrafish following 
hedonic feeding. The effect of hedonic feeding was only observed following a single shock 
and disappeared after a second. Therefore, we consider the observed effects of hedonic 
feeding on inhibitory avoidance performance modest. Still, the effect size (i.e. modest) is in 
accordance with what has been reported for rats [340]. In this study, the authors report an 
overall reduction of 10-20% on the response to stress, an effect they too labelled as modest. 
 In line with our behavioural observations, we only observed a limited number 
of changes expression following a single shock and no changes following a second. Here 
we observed a decrease in the cnr1 expression following a single shock in the hedonic fed 
group. Changes in the level of cnr1 expression have been previously associated with reduced 
avoidance learning. Interestingly, following conditions we consider to be negative as discussed 
in Chapter 7 (UCS) and Chapter 8 (continuous light) we observed an increased expression of 
cnr1, whereas a decrease in expression was seen following conditions we considered positive 
such as discussed in Chapter 9 (enrichment) and this Chapter (reward). This observation 
makes formulating a clear relation between cnr1 and a reduction in avoidance learning 
less straight forward. For example, it has been shown that increased levels of CNR1 in 
mammals reduce how painful a stimulus (i.e. electric shock) is to an individual [86,104,366]. 
This reduction in nociception may have modulated inhibitory avoidance performance in 
Chapter 7 (UCS) and Chapter 8 (continuous light). In addition, non-avoider fish in Chapter 
5 (avoider/non-avoider) had higher levels of cnr1 expression than avoider fish did. It thus 
follows that a decreased expression of cnr1 would likely increase avoidance learning, yet 
in Chapter 9 (enrichment) and here a reduction in avoidance learning was associated with 
lower levels of cnr1 expression. It remains unclear if the site of cnr1 expression and thereby its 
relation to avoidance learning is similar between all groups and needs further investigation. 
 We also observed an increase in the expression of crf, which is in accordance with 
our other studies (Chapter 5, Chapter 6, Chapter 7 and Chapter 8) where upregulation 
of crf expression was associated with reduced avoidance behaviour [4]. In mammals CRF 
peptides play a crucial role in contextual fear conditioning [123] and inhibitory fear avoidance 
[285]. In zebrafish sites of crf expression (and urotensin I, a member of the CRF-peptide 
family capable of activating the CRF-receptor [200]) within the telencephalon include the 
Dm [4], which is homologue to the mammalian (basolateral) amygdala [233,234]. Based 
on previous life experiences (i.e. hedonic feeding), the BLA in mammals will favour either 
its excitatory or inhibitory output. For example, negative experiences may promote stress 
excitatory outputs, whereas positive experiences may promote stress inhibitory outputs 
[340]. We previously reported that successful inhibitory avoidance learning is associated 
with the increase of whole-body cortisol and that an inadequate cortisol response reduced 
inhibitory avoidance learning (Chapter 6). To this end, an increase in the expression of crf 
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may reflect a strong shift in the regulatory output by the Dm from inhibitory to excitatory to 
give a proper cortisol response to cope with the challenge. This hypothesis is reflected in the 
behavioural phenotype observed on day 2 (i.e. improved avoidance learning). 
Future directions
In the current experiment, our choice for using Artemia as hedonic feed was purely based 
on personal observations of the behavioural response of zebrafish to feeding. Although we 
hypothesised that the value of Artemia for zebrafish is greater than the value of standard 
flake food, we do not know how this relates to the value of sucrose water for rats. One 
major difference between both sucrose water and Artemia, is that offering sucrose water is 
relatively passive, whereas feeding Artemia is associated with an increase in activity of the 
zebrafish as they chase the food. Although this increase in activity is relatively short, we can 
not exclude a possible contribution of the hedonic properties of physical exercise [295] in our 
current experiment. Future research may focus on whether the palatable value of Artemia is 
sufficient to reproduce our result, or if it is a combination of palatable feed and arousal that 
underlie our observations. In addition, other strategies of offering reward should be explored. 
For instance, exposure to conspecifics has rewarding properties [3], but the negative effects 
of isolated housing may be greater than the rewarding value.  
 For rodents, it was shown that the BLA mediated the effects of reward on the stress 
response [340]. Although the Dm is involved in the brain reward system of zebrafish [337], 
it is unclear if it also mediated the interaction between reward and stress as we observed 
here (day 2 of the inhibitory avoidance paradigm). Future studies should investigate the 
involvement of the Dm, or other brain regions, in this interaction.
 The effects of hedonic feeding in rats were mostly associated with the physiological 
response (plasma ACTH and corticosterone) to a stressor and levels of anxiety-like behaviour 
(novel object and elevated plus maze). In the current study, we assessed the effects of hedonic 
feeding on inhibitory avoidance learning and the expression of genes related to the task. 
To further investigate the interaction between reward and stress, physiological parameters 
(whole body cortisol) following acute stress and assessment of anxiety-like behaviour (e.g. 
black and white preference test) need to be characterised.
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Concluding remarks
Our study showed modulating effects of hedonic feeding on inhibitory avoidance learning 
and the associated expression of telencephalic genes in zebrafish. Although we labelled 
our observed effects as modest, they do offer a basis for future research on the interactions 
between reward and the stress response. This may not only advance the zebrafish as a 
model for neurobehavioural sciences, but our findings may also be of value for aquaculture 
practices. If we can dampen responses to aquaculture-related stressors (e.g. handling and 
sorting) by implementing a hedonic feeding strategy, we might be able to reduce negative 
(side-)effects associated with aquaculture-related stressors (e.g. reduced growth, increased 
disease susceptibility and aggression). 
 

CHAPTER 11
Summary and General Discussion
This thesis is part of a project that focuses on animal welfare, production, ethics and public 
concern of aquaculture practices, especially related to African catfish (Clarias gariepinus) 
(NWO programme: Value of animal welfare; Project number: 827.09.040). The studies 
described in this thesis concern balancing welfare and production in (cat-) fish aquaculture. 
To this end, experiments using African catfish and zebrafish (Danio rerio) were performed 
with a proof of principle approach in mind (zebrafish studies). In each of the chapters 
of this thesis the main findings are discussed in detail. However, due to the experiment-
specific and in-depth nature of these discussions, a broader integration of these results in 
light of the research project was lacking. Therefore, in this General Discussion the main 
findings of the individual chapters will be brought together. Following a Summary the 
main findings of this thesis research will be discussed along the line of three over-arching 
topics, namely: circadian rhythm, inhibitory avoidance learning and biology of welfare.
182
CHAPTER 11
Summary
The increase in aquaculture practices worldwide is associated with a growing concern 
about the welfare of fish in aquaculture practices. Aquaculture often entails unnatural 
housing conditions such as unnatural day-night cycles, unnatural stocking densities, 
barren environments and repetitive as well as monotone feeding regimes. As described in 
the General Introduction (Chapter 1) of this thesis, such housing conditions may reduce 
the coping capacity of fish and lead to so-called allostatic overload and poor welfare when 
presented with stressors. The aim of the research described in this thesis was to enhance 
our knowledge on welfare of African catfish in Dutch aquaculture systems to optimise 
the balance between animal welfare and production. To this end effects of aquaculture-
related stress factors on the allostatic load of fish were studied. The effects of transport, 
housing under different photoperiods (i.e. continuous light or dark), and different housing 
conditions (i.e. unpredictable chronic stress and enrichment) on the behaviour and 
physiology of African catfish and zebrafish were studied. In these studies, the zebrafish 
was used as model species to understand new fundamental aspects of coping capacity 
and associated welfare. The data presented may be of relevance to a wider range of fish 
species in aquaculture systems as the studies also advance the zebrafish as a model 
species for aquaculture related research. In addition, the data provide a solid basis for 
future neurobehavioural investigations on anxiety and fear-related learning and memory. 
 In Chapter 2 the stress response of African catfish, following a commercial 
transport, was assessed. Marketable African catfish farmed under regular commercial 
aquaculture conditions (e.g. 24 hours low light) were subjected to truck-transport to assess 
the effects thereof on skin lesions and physiology (plasma cortisol level and parameters 
related to metabolism). Fasting and handling fish prior to transport increased the number 
of skin lesions as well as plasma cortisol. In fish that were subsequently transported plasma 
cortisol level had further increased and needed 48 hours recovery to return to baseline 
level, while in non-transported control fish plasma cortisol returned to baseline within 6 
hours. Transport did not further increase the number of skin lesions. In Chapter 3 the 
effects of acute stress during the light/resting phase and during the dark/active phase of 
the African catfish were studied to assess the relationship between day-night conditions 
and the effects of stressors. African catfish stressed during their resting phase had higher 
peak levels of plasma cortisol, but a lower number of skin lesions during the recovery period 
than those stressed during the active phase. A higher skin lesion incidence is indicative 
of a higher level of aggressive behaviour and explains why housing African catfish under 
constant low-light conditions results in a higher number of wounds at the end of such 
housing conditions compared to African catfish housed under a normal day-night cycle.
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For an extensive and detailed understanding of the influence of rearing conditions on the 
ability of fish to cope with challenges, the zebrafish was used. While the studies using 
the African catfish were limited to data on plasma parameters and skin lesions, the use 
of zebrafish allowed the study of (more complex) behavioural traits as well as explore 
differences in gene expression in the telencephalon between groups from different rearing 
conditions. As challenge, zebrafish were exposed to an inhibitory (fear) avoidance paradigm; 
a simple task in which zebrafish learn to avoid a dark area within the experimental tank to 
avoid receiving an electric shock. For the experiments an in-house bred Tupfel Long-Fin (TL), 
a widely used zebrafish strain, was used. First the effects of the procedure (0V, no shock), 
different intensities of the shock (1V, 3V, 9V) and number of shocks (1 or 2) on behaviour, 
whole-body cortisol levels and the expression of stress, anxiety and fear-related genes 
were determined (Chapter 4 and Chapter 5). In the inhibitory avoidance paradigm, using 
one 3V-shock, two distinct types of responders were observed: fish that strongly avoided 
the black compartment (avoiders) and fish that quickly entered the black compartment 
(non-avoiders). Overall, these differences in avoidance behaviour were associated with 
differences in whole-body cortisol content as well as expression levels of genes related to 
learning, memory, fear and anxiety. In addition, the number of avoider fish was directly 
related to the intensity of the electric shock used as aversive stimulus. Using two 3V-shocks, 
learning slightly improved compared to the one-shock paradigm. Still, both avoiders and 
non-avoiders were observed, but differences between these fish regarding whole-body 
cortisol content and gene-expression levels were not directly comparable to the one 
time 3V-shock condition. These results suggest that the phenomena and mechanisms 
underlying the observed behaviour may be different between a single shock (possibly related 
to coping style) and two shocks (possibly related to learning and memory in general).
 As effects may be strain-specific and to further validate the chosen 
paradigm, avoidance learning was assessed in another widely used zebrafish, the AB 
strain (Chapter 6). The AB strain did not display any avoidance behaviour across 
training days. Subsequent whole-body cortisol and genetic analysis suggested that 
the AB strain has an increased activity of the hypothalamo-pituitary-interrenal 
stress-axis, disrupting retention of learned conditions across a 24 hours period. 
 Next environmental factors were manipulated to increase allostatic load by 
unpredictable chronic stress (UCS; Chapters 7) or to decrease the coping capacity by exposure 
to continuous light (Chapter 8) or to increase it by using environmental enrichment (Chapter 
9) or activating the reward system (Chapter 10). In addition age was included as factor in some 
of the experiments (Chapter 9). The zebrafish is a diurnal species that is most active during 
the day and displays resting behaviour during the night. When exposed to UCS (Chapter 7) 
zebrafish showed reduced avoidance learning. Similar to what has been reported for rats, 
the effects of UCS were stronger when stressors were applied during the resting phase than 
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during the active phase. UCS-induced changes in the activity of the stress-axis, as indicated 
by increased whole-body cortisol content and expression levels of stress-related genes, 
likely underlie the observed reduction in avoidance learning. Like other animals, zebrafish 
have circadian rhythms that are entrained by light. Housing zebrafish under long periods 
(i.e. 42 days) of continuous light led to a strong reduction in (inhibitory avoidance) learning 
(Chapter 8). Changes in the expression of stress adaptation-related genes again suggested 
that changes in stress-axis activity underlie the observed reduction in avoidance learning. 
 Similar to mammals, zebrafish show reduced learning as they age (Chapter 
9). Aged zebrafish (24 months old) required an additional training day before reaching 
a similar level of avoidance behaviour as 12-month zebrafish. Gene expression analysis 
suggested that reduced neuronal plasticity underlies these observations. Interestingly, 
6-month old and 12-month old zebrafish are both classified as adults, yet they seemed 
to be a difference in inhibitory avoidance learning and expression of associated genes.
 To ensure proper water quality, laboratory fish are often housed in barren aquaria 
(Chapter 9). However, adding enrichment has been shown to reduce anxiety-like behaviour, 
increase brain volume and improve performance in spatial learning tasks. Following housing 
under enriched conditions inhibitory avoidance learning in zebrafish was reduced. Analysis 
of gene expression levels in the telencephalon, however, revealed genes different from those 
changed following UCS, to be involved. Instead, gene expression data suggested that a 
difference in emotional impact of the electric shock may underlie the behavioural observations. 
Lastly, the effect of hedonic feeding on inhibitory avoidance learning was explored (Chapter 
10). In rats, limited daily access to sucrose water (hedonic feed) reduced anxiety-like behaviour 
and suppressed the activation of the stress axis following a stressor. In our pilot study we used 
brine shrimp (Artemia salina) as hedonic feed. We observed a reduction in inhibitory avoidance 
learning following the first shock, but this difference was not observed following a second 
shock. In addition, differences in gene expression were observed after a single shock only.
186
General Discussion
Circadian rhythm
An important factor that determines the capacity to cope with adverse challenges over 
the course of a day is linked to the phase of the day-night cycle in which a particular 
challenge is given. Here, we will touch upon the differences between stress (acute 
and chronic) given during the day and during the night as well as the effects of housing 
under continuous light  or dim light (twilight) conditions. This will be done with 
photoperiod-related species-specific differences between African catfish (nocturnal; 
active during the night) and zebrafish (diurnal; active during the day) in mind. 
Length of the light phase
Exposure to light regulates the rhythmicity of many biological processes, as it acts as a 
Zeitgeber that synchronises biological processes to that of the earth’s day-night cycle 
[95]. One key circadian hormone is melatonin whose secretion is directly inhibited by 
exposure to light [205]. This means that it has a higher level during the night and a 
lower levels during the day. Melatonin is involved in the regulation of many biological 
processes [377], including the action of the stress axis [79,182]. Without exposure to 
light, melatonin will display a circadian rhythm with a cycle close to 24 hours in which it 
still has periods of high and low levels of secretion [204]. Although rhythmicity remains, 
it is no longer synchronised to a day-night cycle, causing many physiological rhythms to 
become free-running [357]. Free-running biological rhythms may lead to associated free-
running of behaviours such as related to feeding and resting. Within a group, this may 
lead to ongoing disturbances among individuals, as one individual is actively seeking food, 
while another attempts to rest. This can potentially lead to increased levels of stress. 
 The complete suppression of melatonin, as well as the biological processes 
regulated by it, may explain why housing under continuous light (Chapter 8; zebrafish) 
appeared to have a bigger impact than housing under continuous low light conditions 
(Chapter 3; African catfish). Zebrafish housed under continuous light had clear changes in 
the expression of genes such as cnr1, crf, crf-bp and gr-α and showed reduced avoidance 
learning when compared to their standard day-night controls. In contrast, African 
catfish housed under periods of continuous low light did not show signs of increased 
allostatic load. We observed no increased basal plasma cortisol and fish recovered 
within a similar timeframe as the standard day-night controls. The only notable effect 
of housing under continuous low-light conditions was an increase in the number of skin 
lesions compared to the standard day-night cycle. However, we have reason to believe 
this increase in skin lesions is not directly related to free-running circadian rhythms (i.e. 
housing under constant low light conditions) as will be discussed in the following section. 
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Timing of the stressors
As mentioned in the previous paragraph, melatonin inhibits the cortisol output of the stress 
axis in response to stress [79,182]. It follows that when the melatonin level is low, stress-axis 
reactivity likely becomes higher. This offers an explanation for the fact that African catfish 
stressed during the light phase had higher peak levels of cortisol than those stressed during 
the dark phase (Chapter 3). This differential response by the stress axis is similar to that found 
in studies with other nocturnal fish species, such as the Senegalese sole (Solea senegalensis) 
[184] and the green sturgeon (Acipenser medirostris) [171]. However, for zebrafish we found 
that UCS (Chapter 7) during the dark phase imposed a greater cortisol load than when given 
during the light phase. We hypothesised that in zebrafish a stronger cortisol response occurs 
in the dark phase, which is in contrast with what we observed for African catfish (Chapter 3). 
 One major difference between the zebrafish on the one hand, and the African catfish, 
the Senegalese sole and the green sturgeon on the other, is that the zebrafish is a diurnal 
species (i.e. active during the day) and that the other fish species are nocturnal (i.e. active 
during the night). Studies assessing the cortisol response during the dark and light phase in 
diurnal fish species are limited [353], but show that [at least for diurnal Sea Bream (Sparus 
aurata)] the cortisol response is strongest during the night. In addition, in humans [146] (also 
a diurnal species) the cortisol response was also found to be strongest during the dark phase. 
These observations support our hypothesis that for the zebrafish the cortisol response is 
strongest in the dark phase. The melatonin level shows a circadian rhythm similar in diurnal 
and nocturnal species [204,261], i.e. low during the day and high during the night. The observed 
difference in cortisol output between nocturnal (high during the light phase) and diurnal 
(high during the dark phase) species makes it unlikely that melatonin is responsible for the 
observed difference in cortisol output between day and night. Although melatonin could have 
opposite effects on the stress response in diurnal and nocturnal species, it is more likely that 
another factor underlies the observed differences between nocturnal and diurnal species. 
 Plasma cortisol levels also follow a circadian rhythm, which is characterised 
by a cortisol awakening response (CAR), in which several hours before waking the 
levels of plasma cortisol rise. For nocturnal species, such as the rat [69] and Senegalese 
sole [248] the CAR is found during the day (light), while for diurnal species, such as the 
common carp (Cyprinus carpio) [273] and men (Homo sapiens) [53], this is seen during 
the night. When cortisol levels rise during CAR, the sensitivity of the adrenals is increased 
[53]. Similar, a reduction in the sensitivity of the adrenals is observed when cortisol levels 
decline again during CAR. It follows that an individual exposed to a stressor will have a 
stronger cortisol response during the rising phase of CAR than in the declining phase.
 In addition to differences in the cortisol following stress, we observed that African 
catfish stressed during the light phase exhibited lower aggression during the recovery 
period than those stressed during the dark phase. In Chapter 3 we suggested a relation 
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between the activity level of the African catfish and the number of stressor-induced skin 
lesions and the release of cortisol to the bloodstream (peak levels and duration), i.e. the 
more active a fish is when exposed to a stressor, the lower the cortisol release, but the higher 
its aggressive behavioural response (as deduced from skin lesions inflicted onto others). 
 However, other factors that may have determined the behavioural response but 
was not assessed by us in this study, are levels of the nonapeptides vasotocin and isotocin in 
the brain. These peptides act as ‘social hormones’, regulating various kinds of behaviour [96] 
including aggression [85]. High levels of isotocin are associated with reduced aggression and 
increased social behaviour in the Daffodil cichlid (Neolamprologus pulcher) [272], while high 
levels of vasotocin have been associated with increased aggressive behaviour in bluehead 
wrasse (Thalassoma bifasciatum) [307], the African cichlid Astatotilapia burtoni  [103] and 
(depending on brain region) zebrafish (Danio rerio) [172]. In mammals and fish, circulating levels 
of these peptides reveal circadian rhythmicity [100,177], with high and low levels, depending 
on the time of day. Vasotocin is low during the day and high during the night in rainbow trout 
(Oncorhynchus mykiss) [165,166], sea bream (Sparus auratus) [100] and Atlantic salmon 
(Salmo salar) [100]. Although information on vasotocin levels in our experiments is lacking, a 
high level during the dark phase may explain the increased aggression following stress. Future 
studies should include the analysis of these nonapeptides and their relation to the activity 
level of African catfish and the cortisol release and aggressive behaviour following stress.
FIGURE 1 (on the opposite page) | Schematic representation of inhibitory avoidance learning. On the first 
day, fish will be exposed to the shock for the first time and memory acquisition occurs within the Dm (step 1). The 
emotional value of the shock is determined by an interaction of various genes within the Dm and if strong enough, 
memory consolidation occurs within the Dl (step 2). On the second day, upon successful consolidation of the memory, 
fish will be able to recall the event of the previous day and will avoid the black compartment. (step 3) Should the 
dark compartment be entered, a second shock is given to reinforce the avoidance behaviour. Now neuronal networks 
will be strengthened and memory will be reconsolidated (step 4). On the third day, upon successful reconsolidation, 
the memory should be easier to recall (step 5), lowering the likelihood of entering the black compartment.
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Inhibitory avoidance learning 
The inhibitory avoidance paradigm is based on contextual fear learning [202]. In this 
paradigm zebrafish learn to associate a black compartment (context) with an unpleasant 
electric shock (fear). During inhibitory avoidance learning, memory is acquired, consolidated, 
recalled and reconsolidated (Figure 1). In mammals this process involves the activation of 
the amygdala, which is involved in fear learning, and the hippocampus, which is involved to 
contextual learning. In fish, homologues of these structures exist in the telencephalon: the 
medial zone of the dorsal telencephalon (Dm; homologous to the amygdala) and the lateral 
zone of the dorsal telencephalon (Dl; homologous to the hippocampus) [233,234] (Figure 2). 
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The brain and learning
The amygdala (Dm) is involved in reward, motivation and feeding [70,379]. The basolateral 
part of the amygdala (BLA) plays a crucial role in the fear response and fear-conditioning is 
dependent on the plasticity of the amygdala [256,364]. Chronic and temporary lesions of 
the lateral and/or basolateral complex of the amygdala block the acquisition, consolidation 
and expression of fear [137,310]; highlighting the importance of the amygdala in fear-
related learning and behaviour. The stronger the emotional value of an adverse situation, 
the more likely it is for that situation to be consolidated into memory [134]. In addition, 
memories become longer-lasting when the situation is more arousing [65]. Without an 
emotional impact of the used shock, it is unlikely that avoidance learning occurs [256,364]. 
Once the emotional impact (i.e. fear) of the negative stimulus (e.g. 3V shock) is strong 
enough the amygdala will respond by initiating memory consolidation via the hippocampus.
 The involvement of the hippocampus for memory in mammals has been known for at 
least 50 years [238]. The hippocampus is required for contextual learning and is involved in both 
the consolidation and recall of (contextual) memories [238,334]. However, the hippocampus 
is not the only site where contextual memories are formed and stored [281]. Over time, such 
information can be recalled from other brain regions, such as the anterior cingulate cortex 
(ACC) [99,334]. When this occurs, the hippocampus acts as a relay to retrieve the memory. 
The involvement of similar cortical structures and mechanisms in the recall of information 
in fish is currently being explored and a recent study suggests the involvement of the central 
zone of the dorsal telencephalon (Dc) [8]. However, the involvement of the ACC in rodents for 
example, was only shown 28 days after training [99]. It is thus unlikely that structures other 
than the Dl are involved in our studies, as our experiments took place within 3 days.  Based 
hereon, we will limit our discussion to the Dl when discussing learning and memory in zebrafish.
 
FIGURE 2 (on the opposite page)| Schematic representation of (A) the zebrafish brain and (B) the 
telencephalon. The dotted line represents the level at which the cross section is taken. Blue area’s indicate 
brain regions involved in inhibitory avoidance learning; A = telencephalon and B = Dm (homologue to 
the amygdala) and Dl (homologue to the hippocampus). Images redrawn after the Zebrafish Brain Atlas 
Brain: [CC]: crista cerebellaris; [CCe]: corpus cerebelli; [EG]: eminentia granularis; [IL]: inferior lobe; [LL]: 
lateral line nerves; [LX]: lobus vagus; [MO]: medulla oblongata; [MS]: medulla spinal; [Ob]: Olfactory 
bulb; [PG]: preglomerular nucleus; [Pit]: pituitary gland; [Psp]: Parvocellular superficial pretectal 
nucleus; [Tel]: Telencephalon; [TeO] tectum opticum; [TH]: tuberal hypothalamus [TLa]: torus lateralis 
Section: [Dc]: central zone of dorsal telencephalic area; [Dd]: dorsal zone of dorsal telencephalic 
area[Dl]: lateral zone of dorsal telencephalic area; [Dm]: medial zone of dorsal telencephalic area; 
[Dp]: posterior zone of dorsal telencephalic area; [ENv]: entropendoncular nucleus, ventral part; [PPa]: 
parvocellular preoptic nucleus, anterior part; [Vd] dorsal nucleus of ventral telencephalic area; [Vp]: 
postcommissural nucleus of ventral telencephalic area; [Vv]: ventral nucleus of ventral telencephalic area.
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In our experiments, we have measured the expression of genes that are involved in different 
steps and brain areas during inhibitory avoidance learning in zebrafish (for a list of the genes 
measured and their functions, see Chapter 4: Materials and Methods). However, gene 
expression analyses in our studies reflect the expression in the whole telencephalon. This 
approach does not allow for a precise conclusion on which part of the brain (e.g. Dm or Dl) or 
in which step of avoidance learning (i.e. acquisition, consolidation, recall or reconsolidation) 
our experimental treatments have exerted their effects. However, based on literature we can 
hypothesise on the involvement of the differentially expressed genes in learning and memory 
between controls and treatment groups. Here we will discuss the gene-expression profiles 
associated with reduced avoidance learning in the various experiments. To do this, we will use 
the information provided in Chapter 4 (Material and Methods), where we listed the genes into 
three categories (emotion, stress and plasticity) and linked them to a brain region (Dm and Dl) 
(see also Figure 1). In the following sections we highlighted selected genes of interest that were 
differentially expressed between treatment groups and control groups across our experiments. 
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Emotion and learning 
In Chapter 5 we observed differences in the expression levels of cnr1 and mr between 
avoiders and non-avoiders. Lower levels of mr expression in non-avoiders may relate to a 
reduction in the appraisal and response selection of the situation [117,358]. Although we did 
not observe a lower expression of mr in Chapter 6 (AB strain) and Chapter 9 (enrichment), 
we did observe a decreased mr/gr-α ratio. This decreased ratio suggests a lowered expression 
of mr relative to gr-α, which translates to a lower MR activation and may thereby reduce MR-
mediated appraisal and response selection processes. In contrast, in Chapter 7 (UCS) and 
Chapter 9 (aged), reduced avoidance behaviour was associated with increased expression 
levels of mr. In addition, we observed in Chapter 6 (AB strain) and Chapter 8 (continuous 
light) that a lower mr/gr-α ratio (indicative of a lower expression of mr relative to gr-α) was 
associated with poor avoidance learning. In these chapters, it is unlikely that the changes 
in mr expression reflect a change in the appraisal of the situation. Instead, we suggest that 
a change in the mr/gr-α ratio underlies the observed behavioural differences. The relative 
balance between MR and GR-α affects memory in adults, and a shift in the mr/gr-α ratio has 
been associated with decreased learning and memory [66,189]. Moreover, an increase in the 
mr expression may also be a response in order to facilitate a proper mr/gr-α ratio.
 The higher expression level of cnr1 in non-avoiders (Chapter 5) may reduce how 
painful the stimulus (i.e. electric shock) is to an individual [86,104,366]. This reduction in 
nociception may have modulated inhibitory avoidance performance. Differences in the 
level of cnr1 expression have been associated with reduced avoidance learning across all 
experiments. Interestingly, an increased expression was observed in Chapter 7 (UCS) and 
Chapter 8 (continuous light), while we found a decrease in cnr1 expression in Chapter 9 
(enrichment) and Chapter 10 (reward). Both groups that came from a ‘positive’ background 
(enrichment and reward) showed a decreased expression, whereas those coming from 
a ‘negative’ background (UCS and continuous light) showed an increased expression. The 
observation that reduced avoidance learning was associated with both an increase and 
decrease in cnr1 expression, hints to different brain regions in which these changes occur, e.g. 
amygdala versus hippocampus [149] or different types of neuron within these regions, e.g. 
telencephalic glutamatergic neurons [292].
  Reduced avoidance behaviour was also associated with changes in the level of 
expression of cart4. The increased levels observed in Chapter 6 (AB-strain) and Chapter 8 
(continuous light) may have contributed to a reduced nociception [15], while an increase as 
seen in Chapter 9 (enrichment) may have modulated fear responses [342]. 
Stress, plasticity and learning
In Chapter 5 (avoider/non-avoider), Chapter 6 (AB-strain), Chapter 8 (continuous light) 
and, to a lesser extent, in Chapter 7 (UCS) we observed that reduced inhibitory avoidance 
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learning was associated with increased expression of crf. Sites of crf expression in the 
telencephalon of zebrafish include both the Dm and Dl [4]. In general, CRF peptides will 
improve contextual fear conditioning [123] and inhibitory fear avoidance [285] when infused 
into the BLA, likely by enhancing retrieval of pre-established fear memories [131]. However, 
increased levels of CRF peptides prior or post training reduced fear memory consolidation 
[1,131]. In zebrafish sites of crf expression (and of urotensin I, a member of the CRF-peptide 
family capable of activating the CRF-receptor [200]) within the telencephalon include the 
Dm [4]. Based on the reduced avoidance learning and the higher basal expression of crf 
associated with reduced avoidance learning as well as the increased crf expression in non-
avoider fish, we can hypothesise that expression levels of crf were likely already increased 
prior to training or increased shortly after receiving the first shock. This increase in crf 
expression then interfered with memory consolidation, resulting in poor avoidance learning. 
It should be noted that in Chapter 6 (AB-strain) and Chapter 8 (continuous light) next to 
the increase in crf expression an increase in the expression of crf-bp was observed. CRF-BP will 
bind circulating CRF thereby reducing the biological action of the peptide [200]. Although 
we do not know whether CRF-BP and CRF peptides are co-localised in the telencephalon, 
it is possible that the increase in crf-bp expression reduced the effects of the increased crf 
expression levels. 
 A high level of glucocorticoids has differential effects on the amygdala and 
hippocampus of mammals. Glucocorticoids stimulate the amygdala [283,284] but reduce 
hippocampal activity as they lead to atrophy, decreased proliferation and changes in synaptic 
meta-plasticity [66,164,190,192,216,372]. Thus, glucocorticoids increase amygdala-dependent 
anxiety and fear but reduce hippocampal-dependent learning. Based on this, it is likely that 
the conditions associated with increased cortisol as described in Chapter 6 (AB-strain) and 
Chapter 7 (UCS) interfered at the level of the Dl rather than at the level of the Dm, as 
avoidance learning was reduced.  
 The observed increase in the degree of gr-α expression in Chapter 6 (AB-strain), 
Chapter 7 (UCS) and Chapter 8 (continuous light) reflects a higher GR optical density and 
may include an increased activation of GR-producing cells. Increased activation of GR in the 
mammalian hippocampus reduces BDNF [330] which in turn leads to reduced dendritic 
spine density [22], lower fear memory consolidation [230] and leads to long-term depression 
or LTD [66]. Indeed, in Chapter 6 (AB-strain) and Chapter 8 (continuous light) lower levels 
of bdnf were observed next to an increase in gr-α. However, in Chapter 7 (UCS) an increase in 
bdnf expression was observed. In Chapter 7 (UCS) we already hypothesised that the increase 
in bdnf expression may be the result of a stronger increase in mr than in gr-α expression, as 
activation of MR leads to increased expression of bdnf [330].  This notion is supported by the 
increase of the mr/gr-α ratio in Chapter 7 (UCS), which was not observed in Chapter 6 (AB-
strain) or Chapter 8 (continuous light). 
194
Within the hippocampus, BDNF promotes neurogenesis, synaptic plasticity and cell survival 
and by doing so enhances long-term potentiation or LTP [210]. In addition, BDNF also causes 
membrane depolarisation, leading to the firing of action potentials [60], and preventing the 
increase of BDNF reduces fear memory formation [304]. Increased may therefore improve 
learning and memory as LTP is increased. However, in Chapter 7 (UCS) increased expression 
of bdnf was associated with reduced avoidance learning. The products of the bdnf gene 
may explain this observation. In addition to BDNF, the expression of the bdnf gene may also 
produce the pro-BDNF protein [17], which promotes LTD and reduces learning and memory 
[60,251]. The increase in bdnf expression observed in Chapter 7 (UCS) may therefore reflect 
a stronger increase in pro-BDNF than in (mature) BDNF [230]. For example, following acute 
stress in mice the mRNA level of Bdnf remained unchanged, but there was a marked increase 
in the protein BDNF/pro-BDNF ratio [228]. Future research should reveal if the BDNF/pro-
BDNF ratio also changes following UCS and if so, if this change favours the formation of 
pro-BDNF over (mature) BDNF.
FIGURE 3 (on the opposite page) | Coping capacity and welfare. (A) In the depicted model, the capacity to 
cope with adverse challenges is determined by the interaction between characteristics of the subject (e.g. sex, age, 
genetics and life history) and long-term environmental characteristics (e.g. predictability, temperature, oxygen 
level and environmental enrichment). Under positive environmental conditions the coping capacity of an organism 
will increase, whereas negative condition will result in a reduction. In a similar fashion, subject characteristics 
suitable for the orgnanisms current environment will increase the coping capacity, while having characteristics 
that are unsuitable will reduce the capacity to cope. (B) Based on its coping capacity (derived from Figure 1A) 
we can predict how well individuals can cope with adverse challenges and increasing levels of allostatic load 
(i.e. 7 days, 14 days, 7 nights of UCS). The ability to cope with adverse challenges will determine the welfare of 
an individual during these challenges. Based on the predicted coping capacity (Figure 1A) we can also predict 
how our experimental groups will cope with different levels of allostatic load and how this affects their welfare. 
 We predict that enrichment and reward will increase the coping capacity and 
thereby reduce the likelihood for poor welfare following UCS, whereas ageing and continuous 
light (24L:0D) will reduce the coping capacity and increase the likelihood for poor welfare.
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The biology of welfare
Although animal welfare can be defined in different ways [37,107,161,246,319], key to all 
definitions is that poor welfare is associated with overtaxing the coping capacity of animals, 
so that animals suffer allostatic overload during challenges. Next to its physical condition, 
the extent to which an organism can display adaptive behavior in response to a challenge is 
a measure for its biological functioning and indicative for its biological aspects of welfare 
[246]. In general, if environmental conditions are ‘positive’ and the organism is suited to 
live under those conditions, its capacity to cope with adverse challenges will be good. In 
contrast, when environmental conditions are ‘negative’ and the animal is not suited to live 
under such conditions, its ability to cope with an adverse challenge will be poor. Thus the 
capacity of an animal to cope with adverse challenges is determined by the interaction 
between characteristics of the subject (e.g. sex, age, genetics and life history) and long-
term environmental characteristics (e.g. predictability, temperature, oxygen level and 
environmental enrichment) (Figure 3A).
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Changing subject and environmental characteristics
In our studies, we assessed effects of changing both environmental characteristics 
(enrichment, reward and continuous light) and subject characteristics (strains and ageing) 
on the ability of zebrafish to display a behavioural adaptation in response to a challenge (i.e. 
not entering the dark compartment). Based on a combination of the behavioural response 
(i.e. inhibitory avoidance learning) and physical parameters (i.e. whole-body cortisol and gene 
expression analyses) we are able to “scale” the coping capacity of fish to different treatments 
(i.e. experimental conditions) relative to the control condition (Figure 3A: larger central 
circle). Based on our data, we predict that the capacity to cope with adverse challenges will 
improve under enrichment or a reward paradigm, while both continuous light and ageing 
results in a shift towards a compromised or even poor coping capacity. Note that ageing 
shifts the population vertically along the vertical (subject) axis and continuous light will shift 
the population along the (horizontal) environmental axis.
 Now that we plotted the coping capacity of the different experimental groups, we 
can make a prediction as to how adverse challenges will affect welfare. We examined the 
capacity of zebrafish to cope with unpredictable chronic stress (UCS) in Chapter 7, where 
we increased allostatic load by applying 7 days, 14 days and 7 nights of UCS. As allostatic 
load increased, we observed a reduction in behavioural performance (inhibitory avoidance 
learning) associated with changes in physiology (whole-body cortisol) and (telencephalic) 
gene expression. These changes are indicative for a poorer coping capacity and reflect a 
decrease in (biological aspects of) welfare. This decrease in welfare is reflected in the figure 
by shifting the population further towards the red zone as allostatic load increased (Figure 
3B: starting point, 7 days, 14 days and 7 nights UCS). Figure 3A shows the predicted coping 
capacity of the experimental groups in relation to the control group. Based on the position 
of these experimental groups, we predict these groups will show an increase (enrichment 
and reward) or a decrease (ageing and continuous light) in their capacity to cope with an 
increasing level of allostatic load (i.e. UCS) compared to the control group (Figure 3B). 
TL zebrafish versus AB zebrafish
Our data (behaviour, cortisol and gene expression) showed clear differences between the 
zebrafish TL strain and AB strain (Chapter 6). These differences suggest that TL zebrafish 
are better at coping with adverse challenges than AB zebrafish. We therefore propose 
that, under the same environmental (housing) conditions, AB zebrafish will be positioned 
somewhere above TL zebrafish, reflecting a shift along the subject characteristics axis 
(Figure 4). Under the assumption that applying experimental conditions results in a similar 
repositioning along the horizontal and/or vertical axis for TL and AB zebrafish, the capacity 
to cope with challenges following experimental conditions will be different between both 
strains. For example, housing under continuous light conditions reduced coping capacities 
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in TL zebrafish (Figure 4). Therefore, the group housed under continuous light was shifted 
towards the orange zone along the horizontal (environmental characteristics) axis. When we 
would house AB zebrafish under the same conditions, we may apply a similar shift along the 
horizontal (environmental) axis (Figure 4: dotted/transparent). When we then compare the 
TL and AB strain, we see that the AB strain would end up with a poorer coping capacity (e.g. 
poor) compared to that of the TL zebrafish (e.g. reduced). This difference in coping capacity 
will cause a greater impairment of welfare when presented with a similar adverse challenge 
(e.g. UCS).
 We should keep in mind, that the hypothesised environmental effect on the AB 
zebrafish (i.e. the shift caused by continuous light) is based on observations made in TL 
zebrafish. Although it is unlikely that the direction of the shift will change (i.e. a positive effect 
instead of a negative effect), It is possible that the distance by which the population shifts 
is different between AB and TL zebrafish. Similarly, the impact of environmental conditions 
on the coping capacity of zebrafish cannot directly be translated to the African catfish or 
any other fish species. Still, our data suggests that changing environmental characteristics 
may change the capacity of an animal to cope with challenges and thereby modulate the 
welfare status during adverse challenges. Conditions that may improve the coping capacity 
of aquacultured fish species will therefore be of particular interest for the sector. Future 
studies should determine which environmental conditions are considered as positive by 
individual fish species and what food items are seen as hedonic. Once such conditions are 
characterised, studies may focus on the effects thereof on the coping capacity of different 
fish species and how implementation in aquaculture systems can be realised.
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Perspectives
Zebrafish and African catfish
• Is the observed relation between stress, cortisol and aggression in the African catfish 
specific for this species or is it possible to use the zebrafish as a model to further 
study this relationship? Some hormones and genes that could be key to modulating 
this relationship are circulating levels of vasotocin and isotocin [85]. In addition, the 
fibroblast growth factor receptor 1α has been linked to a bolder and more aggressive 
behaviour in zebrafish [245] and may have a similar role in aggressive behaviour in other 
fish species.
• The relationship between the basal level of plasma cortisol, the cortisol awakening 
response (CAR) and the responsiveness of the stress axis has been studied in various 
species. However, a proper comparative study on the differences in nocturnal and 
diurnal fish species is lacking.
Zebrafish and neurobiolog
• Our studies were not aimed to optimise the time point of sampling to detect effects 
of inhibitory avoidance learning on whole-body cortisol content and gene expression. 
However, future studies may examine the effects at different time points following 
avoidance learning so that the dynamics of cortisol and gene expression following 
behavioural testing can be more precisely assessed. This assessment could be done for 
the Dm and Dl separately, rather than together (i.e. whole telencephalon).
• Here we studied only 24-hour retention in avoidance learning. It has been shown that 
differences exist between short term memory (STM) and long term memory (LTM) 
retention in the hippocampus [139]. In zebrafish differences have been observed in short-
term (30 min; STM) and long-term (24 hours; LTM) memory related to the involvement 
of the Dl [8]. Future studies may focus at mapping the locations in the telencephalon 
that play a role during STM and LTM. In addition, the role of other brain regions during 
learning and memory, such the central zone of the dorsal pallium of the telencephalon 
(Dc; homologue of the mammalian neocortex) [8] may be identified. Such studies may 
be combined with an UCS paradigm in order to reveal whether chronic stress interferes 
with STM, LTM or both in inhibitory avoidance learning.
• Unravelling the effects of environmental conditions on the emotional impact of 
the shock. For instance, why was the expression of cnr1 lowered following positive 
conditions, but appeared increased after negative conditions? Do changes in cnr1 reflect 
how the shock is perceived, and how learning and memory are affected, or is nociception 
per se changed? 
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• Interacting effects between the reward system and the response to a stressor have 
been reported to occur at the level of the BLA in rodents [340]. If there is an interaction 
between positive (reward) and negative (UCS) stimuli in fish, where in the brain is this 
processed (Dm or Dl) and how does this modulate avoidance learning?
• Group testing modulates the behavioural and physiological response of zebrafish 
[254,356]. Here we tested our fish singly, but studies on the effects of social roles 
on inhibitory avoidance behaviour may be of interest. For instance, will a single fish 
that acquired avoidance behaviour, follow a naive group of other fish into the black 
compartment. Tagging individual zebrafish will be crucial to distinguish between 
individuals but also to increase the power of these behavioural studies [57]. At the time 
of writing, such studies are being prepared.
• To advance the zebrafish as a model for neurobehavioural research, more studies are 
needed at assessing differences between zebrafish strains (e.g. AB versus TL), zebrafish 
lines (e.g. research group A versus research group B) and between individuals of one 
population (avoider/non-avoider).
Zebrafish and coping capacity
• Further studies may be aimed at unravelling the interaction between subject 
characteristics and environmental characteristics and how this determines the 
coping capacity in fish. In addition, focus may be put on assessing how ‘positive’ and 
‘negative’ environmental characteristics interact. For instance, are the positive effects of 
environmental enrichment stronger than the negative effect of continuous light?
• Here we used the expression of genes in the telencephalon and the behavioural response 
in an inhibitory avoidance paradigm as indicators for coping capacity, allostatic load and 
welfare. To get a more accurate picture of the capacity of animals to cope with adverse 
challenges, more parameters should be assessed. One clear parameter could be the 
susceptibility to disease and associated mortality/recovery. Stress and elevated cortisol 
increase the susceptibility to bacterial infections and lead to increased mortality in 
zebrafish [271]. Other parameters that would increase our understanding of the coping 
capacity of fish would include the time to resume feeding [25], social interactions [263] 
and measuring genes indicative for long-term increased stress loads, such as fkbp5 
[175,275].
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Waarom dit onderzoek
De groei van de aquacultuur sector wereldwijd gaat gepaard met een toenemende aandacht 
voor het welzijn van (kweek)vis. Binnen de aquacultuur wijken condities in de houderrij vaak af 
van de natuurlijke leefomgeving van vissen. Zo kan er worden afgeweken van het natuurlijke 
lichtregime (bijvoorbeeld, geen dag-nachtritme), worden vissen in onnatuurlijke dichtheden 
gehouden (bijvoorbeeld, zeer hoge dichtheden), leven ze vaak in kale omgevingen en krijgen 
ze op vaste tijdstippen elke dag hetzelfde voer. Deze monotone, onnatuurlijke, condities 
kunnen het aanpassingsvermogen van een vis verminderen, wat er toe kan leiden dat een 
individu niet goed met stressoren (lees: een gebeurtenis of omgevingsfactor welke stressvol 
is voor een organisme) kan omgaan. Een dier, dat niet goed met stressoren kan omgaan, 
kan op termijn chronische stress ontwikkelen en daarmee een slecht welzijn. Het doel van 
het in dit proefschrift beschreven onderzoek was om de kennis omtrent het welzijn van de 
Afrikaanse meerval (Clarias gariepinus) in de Nederlandse aquacultuur te vergroten om zo de 
balans tussen dierenwelzijn en productie te kunnen optimaliseren. Dit is onderzocht door te 
kijken naar veranderingen in het gedrag en de fysiologie van de Afrikaanse meerval als gevolg 
van transport, het veranderen van het dag-nacht ritme en het aanbieden van een kortdurende 
stressor. Echter, er is ook gebruik gemaakt van de zebravis (Danio rerio) als modeldier voor 
het bestuderen van meer fundamentele welzijnsaspecten. Hierdoor zal een deel van het 
onderzoek ook van nut kunnen zijn voor andere vissoorten in de aquacultuur en draagt het 
bij aan de rol van de zebravis als modeldier voor aquacultuur-gerelateerd onderzoek. Verder 
kan de in dit proefschrift verkregen kennis worden gebruikt voor onderzoek op het gebied van 
genetica en neuro- en gedragsbiologie van stress, angst en leren.
Meerval en stress
In Hoofdstuk 2 hebben we stressniveaus van de Afrikaanse meerval gemeten na een, voor 
de praktijk gangbaar, transport. Marktwaardige meervallen uit een viskwekerij, die onder 
gebruikelijk condities werden gekweekt (lees: een 24 uur schemer lichtconditie en een vast 
voerschema), werden blootgesteld aan transport om de effecten hiervan op fysiologie (lees: 
energiehuishouding en de hoeveelheid van het stresshormoon cortisol in het bloed) en het 
aantal huidverwondingen, als maat voor onderlinge agressie, te bestuderen. Agressie kan 
een probleem zijn in de meervalhouderij. Het in de aquacultuur gebruikelijke pre-transport 
onthouden van voer in combinatie met hanteren van vissen resulteerde in een toename van 
het aantal huidverwondingen en verhoogde de hoeveelheid cortisol in het bloed. In de vissen 
die vervolgens getransporteerd werden, steeg de concentratie cortisol in het bloed nog verder 
en bleef verhoogd tot 48 uur na transport. De vissen die niet op transport gingen hadden al 
na 6 uur geen verhoging van cortisol meer. Het transport zelf zorgde niet voor een verdere 
toename van het aantal huidverwondingen en leidde ook niet tot mortaliteit. Ook vonden we 
geen zichtbaar effect op de energiehuishouding van de meervallen als gevolg van transport. 
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Analyse van het water waarin de meervallen tijdens transport waren vervoerd, liet zien dat 
grenswaarden voor de verschillende waterkwaliteitsparameters niet werden overschreden. 
De resultaten van deze studie geven aan dat transport een behoorlijke belasting is voor 
meervallen.
De meerval is een nachtdier, dat wil zeggen, is vooral in het donker actief, terwijl 
die overdag rust. In Hoofdstuk 3 hebben we gekeken naar de reactie op een stressor waarbij 
een groep meervallen gedurende 15 minuten in een speciekuip zonder water werd gelegd. 
Deze stressor werd zowel in de licht/rust fase als in de donker/actieve fase gegeven om vast 
te stellen of er een relatie bestaat tussen de licht-donker fase en de reactie op een stressor. 
Meervallen die gestrest werden tijdens de licht/rust fase maakten meer cortisol aan dan 
meervallen die gestrest werden tijdens de donker/actieve fase. Daarentegen hadden ze 
minder huidverwondingen tijdens de herstelperiode van de stressor, wat indicatief is voor 
minder agressie in de licht/rust fase dan de donker/actieve fase. Dit gevonden verschil in 
huidverwondingen kan verklaren waarom we meer verwondingen vonden bij meervallen die 
gehouden werden onder continue donkere (actieve fase) condities dan bij meervallen die bij 
een normaal 12 uur licht/12 uur donker conditie zaten. Bij andere diersoorten is aangetoond 
dat oncontroleerbare/onvoorspelbare stressoren tijdens de rustfase relatief snel kunnen 
leiden tot chronische stress (zie ook hieronder). De resultaten van deze studie suggereren 
daarom dat stressoren tijdens de rustfase een potentieel probleem voor meervallen 
kunnen zijn (meer stresshormoon, vergeleken met de actieve fase), maar dat stressoren 
tijdens de actieve fase daarentegen een bron van meer agressief gedrag kunnen zijn (meer 
huidverwondingen, vergeleken met de rustfase). 
Zebravis als modeldier 
Om een beter en meer gedetailleerd inzicht te verkrijgen in de invloed van houderrijcondities 
op het vermogen van de meerval om met stressoren om te gaan hebben we gebruik gemaakt 
van de zebravis. Hoewel de zebravis een ander gedrag kent dan de meerval, met als grootste 
verschillen  dat de zebravis een dagdier is (lees: overdag actief en ’s nachts rust) en geen 
roofvis is zoals de meerval, is het toch mogelijk om deze vis te gebruiken om fundamentele 
vragen over aanpassingsvermogen en welzijn te beantwoorden. In dit onderzoek staat de 
zebravis dus niet alleen model voor de meerval, maar voor vissen in het algemeen. Er is 
gekozen voor de zebravis omdat er een brede kennis bestaat over genen, fysiologie, hersenen 
en gedrag van deze vis. 
Waar we met de meerval alleen energiemetabolisme, cortisol bloedwaarden en 
het aantal huidverwondingen betrouwbaar konden bestuderen, konden we met de zebravis 
ook (complexer) (leer-)gedrag en de expressie van onderliggende genen in het brein meten. 
Om de effecten van houderrij condities te toetsen, hebben we de vissen blootgesteld aan 
een relatief simpele leertaak, namelijk een inhibitory (fear) avoidance paradigm. 
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Dit is een taak waarin vissen leren een donker deel van een test-aquarium, waar ze instinctief 
graag naar toe zwemmen, te vermijden, omdat ze in dat donkere deel een mild elektrisch 
schokje hebben gekregen.
Zebravissen: leergedrag
In Hoofdstuk 4 en Hoofdstuk 5 hebben we eerst gekeken naar de effecten op gedrag, 
cortisol niveaus en de expressie van genen die betrokken zijn bij leren, stress en angst van de 
zebravis door blootstelling aan onze leertaak. Dit hebben we onderzocht door vissen in de 
experimentele tank te laten zwemmen zonder dat ze een schokje krijgen (0V; geen schokje 
in het donkere deel), maar ook door het geven van toenemende voltages (1V ,3V ,9V; wel een 
schokje in het donkere deel) of het verhogen van het aantal keer dat de vis aan de leertaak 
wordt blootgesteld (1 of 2 dagen; 1 schokje per dag).
 In deze experimenten vonden we, dat er twee onderscheiden typen vissen waren, 
nadat ze 1 schokje hadden gekregen: vissen die het donkere deel sterk vermeden (vermijders) 
en vissen die juist snel het donkere deel weer inzwommen (niet-vermijders). Over het 
algemeen waren deze verschillen in gedrag geassocieerd met verschillen in cortisol niveaus 
en verschillen in expressie van genen, die betrokken zijn bij angst, leren en geheugen. We 
zagen dat het aantal vermijders toenam, naarmate het voltage van het schokje in het donkere 
deel hoger werd. Deze verschillen in genexpressie, fysiologie en gedrag leken op verschillen 
in coping styles of te wel verschillende manieren om met stressoren om te gaan. Deze 
verschillen in het omgaan met stressoren zijn ook gevonden bij andere diersoorten, zoals 
ratten, muizen en mensen.
Los van het gedrag dat het dier vertoonde na 1 schokje, kregen vissen in een ander 
experiment geforceerd een tweede schokje. Een tweede schokje resulteerde in een toename 
van het aantal vermijders.. Hoewel er na twee schokjes nog steeds vermijders en niet-
vermijders waren, zagen we dat de verschillen in cortisol niveaus en verschillen in expressie 
van genen niet hetzelfde waren als die gevonden werden na 1 schokje. Wij vermoeden dat 
verschillen die ontstaan na 2 schokjes niet gekoppeld zijn aan coping styles, maar eerder meer 
iets lijken te zeggen over algemene aspecten van leren en leergedrag.
 Voor onze experimenten hebben we gebruik gemaakt van een zogeheten Tupfel 
Long-Fin (TL) zebravislijn, die in ons laboratorium gefokt wordt. Omdat onze gevonden 
resultaten specifiek kunnen zijn voor deze zebravislijn (en dus niet voor zebravissen in 
het algemeen), hebben we besloten de leertaak verder te valideren door een andere, veel 
gebruikte, zebravislijn te gebruiken, namelijk de AB lijn (Hoofdstuk 6). We vonden dat geen 
enkele vis van deze AB lijn vermijdingsgedrag vertoonde. Analyses van cortisol niveaus en 
expressie van genen suggereerden dat deze AB lijn een permanent verhoogde stress-as 
activiteit heeft, wat het leervermogen in deze taak (mogelijk) negatief heeft beïnvloed. Voor 
onze verdere experimenten hebben we daarom gebruik gemaakt van de TL zebravislijn.
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Zebravissen: omgeving, leeftijd en leergedrag
Na het valideren van de leertaak zijn we gaan kijken naar effecten op de leertaak door 
veranderingen aan te brengen in omgevingsfactoren van de zebravissen. Zo hebben we 
zebravissen herhaaldelijk blootgesteld aan stressvolle situaties of onder een periode van 
continue licht (dus geen donker/rust fase) gehouden met als doel de mate van stress te 
verhogen (Hoofdstuk 7 en Hoofdstuk 8). Maar we hebben ook geprobeerd de weerbaarheid 
van de zebravissen te vergroten door ze te houden in een verrijkte omgeving (Hoofdstuk 
9) of door het beloningssysteem in de hersenen te activeren (Hoofdstuk 10). Daarnaast 
hebben we ook gekeken naar verschillen in leervermogen tussen jongere vissen en oudere 
vissen (Hoofdstuk 9). 
 Wanneer zebravissen werden blootgesteld aan langdurige stress door ze een 
aantal dagen lang herhaald te verstoren met onvoorspelbare/oncontroleerbare stressoren 
(Hoofdstuk 7), lieten zij een verminderd leervermogen zien. Net zoals bij de rat, zijn de 
effecten van deze langdurige stress sterker wanneer deze behandeling werd toegediend 
tijdens de rust fase dan tijdens de actieve fase. Langdurige stress leidde tot veranderingen 
in het stresssysteem, gekenmerkt door verhoogde cortisol niveaus en expressie van stress-
gerelateerde genen in het brein. Deze veranderingen in het stresssysteem zijn (waarschijnlijk) 
verantwoordelijk voor de afname in het leervermogen. Een soortgelijke observatie werd 
gedaan bij vissen die langere periodes (42 dagen) onder continue licht (geen donker/rust fase) 
leefden. Zij lieten ook een afname in vermijdingsgedrag zien (Hoofdstuk 8) wat samenging 
met veranderingen in genen betrokken bij het stresssysteem.
 Zoals ook het geval is bij zoogdieren, was het leervermogen van oudere (24 maanden) 
zebravissen minder (Hoofdstuk 9). Oudere zebravissen hadden een extra trainingsdag 
nodig om een dezelfde mate van vermijdingsgedrag te vertonen als jongere, volwassen 
zebravissen (12 maanden oud). Bovendien lieten ze een lagere expressie zien van genen die 
betrokken zijn bij activiteit in en aanpassingsvermogen (plasticiteit) van de hersenen. Dit kan 
mogelijk het mindere leervermogen verklaren. Hoewel 6 en 12 maanden oude zebravissen 
beide als volwassen worden beschouwd, vonden we toch enkele verschillen in de mate van 
vermijdingsgedrag en de expressie van genen betrokken bij leren. 
 Om een goede waterkwaliteit te waarborgen, worden vissen in een laboratorium 
en kwekerij vaak gehouden in kale tanks (Hoofdstuk 9). Echter, het aanbieden van een 
verrijkte omgeving zorgt voor een verlaging van angstgedrag, vergroot het hersenvolume 
en verbetert het (ruimtelijk) leervermogen van vissen. In onze leertaak zagen wij dat vissen 
uit een verrijkte omgeving minder vermijdingsgedrag vertoonden in onze leertaak. Ook bij 
ratten werd een verlaging van het vermijdingsgedrag gevonden na huisvesting in een verrijkte 
omgeving. Hoewel, dit gedrag gelijk is aan onze observaties bij chronische stress (Hoofdstuk 
7) en continue licht (Hoofdstuk 8), suggereerde de analyse van genen in het brein dat er 
geen verhoogde activiteit van het stresssysteem was. Onze resultaten doen vermoeden dat 
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de vissen uit een verrijkte omgeving weerbaarder waren dan vissen uit een arme omgeving 
en daardoor beter konden omgaan met de schokjes in de leertaak. Een soortgelijk resultaat 
vonden we door het beloningssysteem in de hersenen te activeren (Hoofdstuk 10). Biggetjes 
die dagelijks toegang kregen tot iets leuks (speelveld) of ratten die wat lekkers (suikerwater) 
kregen, vertoonden minder agressie na het scheiden van de moeder (biggetjes) of minder 
angst en stress in gedragsexperimenten (ratten). In ons experiment hebben wij gebruik 
gemaakt van Artemia (levende kleine pekelkreeftjes waar zebravissen actief achteraan 
moeten zwemmen om ze te vangen) als dagelijkse beloning voor zebravissen, die dit nog 
niet eerder gekregen hadden. Na een periode van twee weken zagen we dat het aanbieden 
van deze beloning zorgde voor minder vermijdingsgedrag in onze leertaak. De veranderingen 
in expressie van genen in het brein suggereerde dat door het aanbieden van deze beloning de 
zebravissen beter konden omgaan met de schokjes in de taak.
Conclusie
Het in dit proefschrift beschreven onderzoek suggereert dat veranderingen in de leefomgeving 
de weerbaarheid van vissen doet veranderen. Door deze verandering zal het dier beter 
(verhoogde weerbaarheid bij positieve/stimulerende gebeurtenissen) of slechter (verlaagde 
weerbaarheid bij negatieve gebeurtenissen) om kunnen gaan met (nieuwe) stressoren, met 
als gevolg een beter dan wel slechter welzijn tijdens en/of na afloop van een stressor. Het 
aanbrengen van positieve veranderingen in de leefomgeving van vissen in de aquacultuur 
biedt dan ook een mogelijkheid tot het verbeteren van het welzijn van deze gekweekte vissen. 
Verrijking en beloning lijken een positief effect te hebben op de weerbaarheid van zebravissen. 
Echter, in de aquacultuur bestaat er een grote diversiteit aan gekweekte vissoorten, die 
allemaal uit een andere natuurlijke leefomgeving komen. Door deze diversiteit in natuurlijk 
leefgebied zal het verrijken van de leefomgeving of het aanbieden van een beloning binnen 
de aquacultuur voor elke vissoort mogelijk anders zijn. Er moet dus eerst worden onderzocht 
wat een specifieke vissoort als verrijking of beloning ervaart en wat hiervan de effecten zijn 
op de weerbaarheid van de vis. Wanneer dit is vastgesteld, kan er worden gekeken naar de 
implementatie van deze positieve omgevingsfactoren in een aquacultuur setting.  
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Perspectieven
Bij het uitvoeren van wetenschappelijk onderzoek geven de gevonden resultaten niet alleen 
antwoord op vragen, maar roepen ze ook nieuwe onderzoeksvragen op. Hieronder volgen 
een aantal vragen die volgen uit het in dit proefschrift beschreven onderzoek: 
• de zebravis en de meerval. Hieronder valt de vraag of samenhang tussen 
stress, cortisol en agressie, zoals we gezien hebben bij de meerval,  ook 
speelt bij de zebravis. Is de zebravis inderdaad een geschikt modeldier? Maar 
ook vragen omtrent verschillen en/of overeenkomsten in de gevoeligheid 
voor stressoren bij dagdieren (zoals de zebravis) en nachtdieren (zoals de 
meerval) tijdens de rust of actieve fase vallen binnen deze categorie. Bij 
de geformuleerde vragen dienen we ook rekening te houden met het feit 
dat er meer genetische lijnen van zebravissen zijn, die onderling voor wat 
gedrag en fysiologie betreft van elkaar kunnen verschillen.
• de zebravis en neurobiologie. Binnen deze categorie vallen vragen rond 
het leren, geheugen en brein. In ons onderzoek hebben wij de expressie van 
genen in het brein slechts op één moment geanalyseerd (2 uur na de taak).
We bevelen aan om onderzoek te richten op het analyseren van deze genen 
gedurende meerdere tijdstippen in de taak; evenals ook onderzoek naar de 
betrokkenheid van verschillende gebieden in het brein bij de verschillende 
stadia van leren en stadia die de geheugenvorming doorloopt bij de 
zebravis. Daarnaast kan er gekeken worden naar welke overeenkomsten 
en verschillen er zijn tussende werking van het brein van de zebravis en 
die van zoogdieren. Tot slot roept ons onderzoek de vraag op waar in het 
brein van de zebravis de interactie plaatsvindt tussen positieve prikkels 
(beloning) en de reactie op een stressor of andere negatieve ervaringen 
(chronische stress). Bij deze vragen spelen uiteraard verschillen tussen de 
genetische lijnen ook een rol.
• de zebravis en weerbaarheid. Binnen de laatste categorie vallen vragen 
naar de interactie tussen positieve (beloning en verrijking) en negatieve 
(chronische stress en continue licht) omgevingsfactoren, hoe deze prikkels 
zich verhouden (is beloning sterker dan chronische stress bijvoorbeeld) en 
hoe dit het gedrag en leervermogen van de zebravis beïnvloedt. Daarnaast 
zal er onderzoek nodig zijn om een beter inzicht te krijgen in de weerbaarheid 
van individuele vissen; hierbij spelen zaken als gevoeligheid voor ziektes, 
wat een vis motiveert om (weer) te gaan eten, sociale interacties tussen 
vissen, verschillen tussen genetische lijnen van zebravissen en welke genen 
een rol spelen bij de weerbaarheid. 
 

 
Dankwoord
Acknowledgements
234
Na vier jaar onderzoek en nog eens anderhalf jaar schrijven, is het dan eindelijk af: mijn 
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kan je daar een mooie tijd doormaken! Ik ben trots op je! En mam, moeders hoeven geen 
stukje voor te dragen tijdens de promotie van hun zoon, je kan dus weer rustig slapen!
Lieve Anneke, ik ben blij dat wij elkaar ontmoet hebben daar midden op het 
Keizer Karel Plein! Bedankt voor alle boterhammen, maar natuurlijk zoveel 
meer de afgelopen jaren! Ik kijk uit naar ons volgende avontuur samen!
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